
Report No. CG -n-80-79

1-4 !NJA EVI.TION OF IHM4' Tl•lAL MUJELS FOR TIE
S' SfJ1Y OF IMERSION HPOTIWAIA PRT1ECTION

0

0CXTOR 1979

FINAL JORIT
Document is available to the public through the

National Technical Information Service,
Springfield, Virginia 22151

0 . L E

-'iPreparsd for A1

U.S. DEPARTMENT OF TRANSPORTATION

United States Coast Guard
Office of Research and Developmerix

Washington, D.C. 20590

80~ Z 0



"-.-.Tichnicoic Rport Dci:umeotataon Pege

1. o-mor Acress,on Nn. ' .Reci.o..rt' Ciotaogo No.

CG.-D-8n-79 9 -
• ' 4 T~to an •>uh~le5. •epoi; Dote

.4. Title and $ubtithe'

An Evaluation of Human Thermal Models for the Study Octcber I2.1_a_.

of immersion Hypothermla Protection Equipment,6

- S. PRIILfO.WmitI Ot,.1en~i.an Report No,

'. Authi-ec') i Ar- q

9. Poofefming Otgonilot.on Nome oand Addtif.. , JO. Work Unit No. IV.AIS)

Systems Engineering Program
Clemson University ./---C-I .1. o r, GrowiNo./

Clumsoi, S. C. 29631 / DOT-CG-7274-A
S'- 13, Type of Repeta' one Period Covered

12. Sponso-ing Aeency Nom e and Addre, F FI na l a ep t /9

U. S. Department of Transportation ý, Janv7 78--*Vugo # 79.,
UniLed States Coast Guard ' , Ag

Office of Research and Developme'nt i '.-SorlgA.-cy 'o.hn• G-DSA ....__.__ _ __ __

"15 S...pplle.oiontrv Notes•

This repurt tummarlzes work performed under Task Number 3 of subject contract and
"was technically monitored by LTjg5 even F. Wlker and Ens. John A. Budde.

16.~~~~ AL 9hc

"16-'--This report presents an evaluation of mathematical models of a man in a cold
environment. The models are evaluated for their ability to predict the effecltve-
ness of anti-exposure equipment used during rold water Inmmersion. The evaluation
Is done by comparison of model results to th•,se observed during in vivo cold
Slrr.,ersions with a wide range of anti-exposure eqtlipment. The models evaluated

Sare those, available in the literature, which employ a metabolic rate control
submodel. Model results obtained with modified and experimental submodels are

-• d iscussed . ....

.t t

17. Koey Words- 1. Oitrti~n Stetemet

immersion hypothermia, hypothermia, Document Is available to the public
equipment, models through the National Technical Information

Service, Springfield, VA 22151•

dma.,. lof thi report) 20 urty Cleseil. (of this Pole) 21. No. of Pegoo T . il

1 _ 102

Form DOT F 1700.1 (8-72) of completed p age rthat'td



PREFACE

This roport documents werk conducted under Task Number

3 of Contract Number DOT-CG-72074-. from January L 1978 to

August 21, 1979. The work was performed at Clemson University

under the auspices of the U. S. Coast Guard, with LTJg Steveni

F. Wiker and Ens. John A. Budde serving as program technical

monitors. The contract principal Investigator was Dr. R. Michael

Harnett. The leader of the part of the work addressed In this

report was Dr. E. R. Baker, !V. The graduate assistant in this

work was Jeffrey L. Ringuest.

Access~ion Vmr

,'i[ (il, , " " \ . .. . .. . ...
SAB*.

SUn: "

S t
-•* D



TABLE OF CONTENTS

PART I EXPERIMENTAL EVALUATIONS OF SELECTED IMMERSION
HYPOTHERMIA PROTECTION EQUIPMENT

PART II AN EXPERIMENTAL EVALUATION OF SELECTED REWARNING
THERAPIES FOR TREATMENT OF PROFOUND ACCIDENTAL
HYPOTHERMIA

PART III AN EVALUATION OF HUMAN THERMAL MODELS FOR THE STUDY
OF IMMERSION HYPOTHERMIA PROTECTION EQUIPMENT .............. I

I. 0 INTRODUCTION .................................................. I

I. I Background............................................... I

1.2 Objectives ............................................. 2

1.3 Scope.,.................................................. 3

2.0 MODEL SELECTION .............................................. 4

3.0 THERMAL TESTING PROCEDURE AND RESULTS ........................ 9

4.0 EVALUATION OF THE SELECTED MODELS ............................ 12

4.1 The Wlnton and Linebarger Model ......................... 12

4.2 The Gordon Model ........................................ 15

4.3 The Montgomery Model ............................ ........ 16

5.0 CONCLUSIONS AND RECOMMENDATOUNS .............................. 36

6.0 REFERENCES.................................................... 40

Appendix

A THE WINTON MODEL (MODIFIED) .................................. A-I

B THE GORDON MODEL (UNMODIFIED) ................................ 8-I

C THE MONTGOM•ERY MODEL (tOADr;En) ..... C-1

II



LIST OF FIGURES

Page

Figure Ill-I Schematic of the Montgomery Controlled System ........... 6

Figure 111-2 Schematfc of the Gordon Controlled System ............... 6

Figure ! I-3 Winton-Linebarger 3-Layer Model .......................... 12

Figure 111-4 Modified WInton-Linebarger Model ........................ 13

Figure 111-5 Time-Temperature Profile from Winton's Model ............ 14

Figure 111-6 Results with Montgomery's Model and Five Cold
I mmersions .......................................... 20

Figure 111-7 Results with Montgomery's Model (With Modified
Metabolic Controller) and with Two Cold Immersions..29

Figure 111-8 Results with Montgomery's Model (With Experimental
Metabolic Controller) and with Two Cold Immersions..31

Figure 111- 8 (a) Leg Temperature Profiles ................................ 33

Figure 111-8(b) Arm Temperature Profiles ................................ 33

Figure 111- 8 (c) Trunk Temperature Profiles .............................. 34

LIST OF TABLES

Table I11-1 Results of Thermal Testing .............................. 10

Table 111-2 Results of Paired t Test with Regression-Based
Controlle rs ........................ ................ 26

Table 111-3 Results of Paired t Test with Experimental
Regression-Based Controllers ....................... 32

i+ ~iii



AN EVALUATION OF HUMAN THERMAL MODELS FOR THE STUDY

OF IMMERSION HYPOTHERMIA PROTECTION EQUIPMENT

for

UNITED STATES COAST GUARD
U.S. Co&st Guard Headquarters

C ,ontract No. DOT-CG-72074-A

Task Number 3
Draft Final Report, Part III

from

Clemson University

by

E. R. Baker, IV, Ph.D., R. M. Harnett, Ph.D., J. L. Ringuest

August 21, 1979

1.0 INTRODUCTION

The use of human subjects for testing hypothermla protection devices

is not without risk. Additionally, such In vivo tests can be used only

to mild state of hypothermla (rectal temperatures not less than 35°C). A

mathematical model capable of accurately simulating the thermal responses

of a protected man in a cold environment would be an attractive alternative

to human experimentation. In addition, the time required to perform the

human experiments makes this alternative method of device evaluation

extremely attractive.

1. I Background

A variety of models have been proposed for the human thermal system.

Some of the models have been established from experimentation while others

have been constructed from the theories of thermodynamics and fluid mechanics.

Some models predict the behavior of the whole body while others are specialized



to a particular body segment. The Interest in this research lies In

models of the entire human body. Excellent reviews of the work In this

field are available by Hardy (1972), Mitchell, et al. (1972), Shitzer

(1972), Fan, et al. (1971), and Hwang and Konz (1977).

Mathematical models of the whole human body may be generally classified

as single cylinder or multi-segment models. Further classification is

accomplished by determining whether thermoregulation Is internal or external

to the model. Models with internal thermoregulation functions may be

viewed as a composite of two submodels, one for the passive system (physical

system) and one for the controlling system.

The complexity of models of the passive systems depends upon the

number of body segments modeled, their geometries, the number of nodes and

shells (layers of segment composition) attributed to each segment and the

sophistication of the model circulatory system. The complexity of con-

troller models range from simple function-evaluation types to those which

compute error signals based on variables such as average skin temperature,

core temperature and skin heat flux. All controllers determine metabolic

ate and in some models, the control system also determines the sudometer

(sweating) and vasometer (variable blood flow) responses.

The models are most generally expressed as a set of differential equa-

tions. Early models were solved using analog computers. The advent of

larger, faster digital machines has resulted in most models now being

programmed for digital computers. The solutlor methodology most often

employed is that of finite differences.

1.2 Objectives

Thc. objective of this research was to determine the feasibility of

using an existing human thermal model in the evaluation of immersion

hypothermia protection devices. To accomplish this task a review of the

literature was conducted leading to the selection of candidate models

representing the general types available. Computer codes for these models

were obtained and modified as necessary to Implement them on the computer

system at Clemson University. These modifications of the computer-based

models were not Intended to accomplish basic structural changes to the

2



models or to Improve their Intrinsic capabilities.

The selected candidate models were to be validated against the data

collected from the human Immersions discussed In Part I of this report,

see Harnett, et al. (1979). Based on the results of these validations,

recormmendations were formulated regarding the potential usefulness of each

selected model. Also, the most Important areas for model irmprovement were

determined and recotrtnendations regarding their priorities were developed

for consideration prior 1o undertaking any efforts aimed at Improving the

capabilities of a model.

1.3 Scope

The scope of this effort Included only an evaluation of existing models.

No new model development or modification of existing models was required.

However, in the course of Implementing the computer-based models and

experimenting with them, It was also possible within project cost and

schedule constraints to develop and Implement a number of substantive model

modifications. These modifications Improved the performance of the affected

modtels and In some cases were necessary In order to give the modelc any

chance of performing as required for the evaluation of cold water protection

equipment.

3
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2.0 MODEL SELECTION

After a review of the literature it was decided that this Irvestigation

would be limited to non-steady state models containing controllers. This

decision was predicated on two facts: (I) the human resporse to cold water

Immersion was unlikely to be steady state and (2) we would be unable to

externally control the model since no experimental Immersion data was

available which correlated metabolic rate, vaso-constriction and surface

blood flow to the physical parameters of the model such as core, skin

and water temperatures.

References were found in the literature to but a few models fitting

these criteria. Conversations and corrtspondernce with the authors of these

models revealed several other unpublished rodels. However, these models

were all reported Lo be very similar to those fo!ind through the literature

search. The following five models were obtained: Stolwijk, (1972);

Montgomery, (1972); Gordon, (1972); Kuznet, (1974); and Winton and Linebarger,

(1971). An adddIticnal model, without a controller, Wissler (1566) was re-

quested from its author; but this request was not granted.

These models represented several different philosophies In the modeling

of both the passive and control systems. Stolwijk's and Kuznet's models

had been used primarily for investigation of h.perthermia. The applications

were in support of the NASA manned space flight program. Both models were

implemented on Clemson's IBM 370/165 and exercised with test data as specified

by their authors. Neither model, however, was modified for further evaluation.

Stolwijk's model was dropped from further investigation because Montgomery's

model was determined to be an extension of it which had been used for diving

studies. Kuznet's model was dropped because of ls similarity to both the

Gordon and Montgomery models. The three remaining models, Winton's,

Montgomery's and Gordon's were chusen because of the contrasts among them

in terms of their general approaches and complexity.

The Winton and Linebarger Model

The Winton and Linebarger (1971) model is the simplest of the models

studied. This model was Intended for study of both the steady-state and

transient response of the human thermoregulation system to various degrees

of Internal and external thermal stress. Emphasis in this model was placed



on the feedback structure and controller mechanisms Involved In thermo-

regulation. This model has been exercised using bath analog and digital

simulation.

Winton and Linebarger represent the shape of the body as a cylinder

having three concentric layers. The inner-most layer represents the core

of the body, which Is composed of the deep tissues and internal organs.

Surrounding the Inner core is a middle layer made up of muscle and fat.

The skin comprises the outer layer of the cylinder. For purposes of

analysis the thermal properties of the three-layer model are represented

by an analogous electrical circuit. The thermal system and its electrical

analog are governed by Identical differential equations which form the

basis of this model.

Three primary control mechanisms are Included in this model: sudometer,

vasometer and metabolic. These control mechanisms are incorporated into

the model by varying the related parameters of the circuit analog in an

appropriate manner. Physiological studies have shown the Importance of

both core and skin thbmperatures in thermoregulatlon. Based on these

studies feedback signals from the cove and skin have been Included In this

model.

The Montgomery Model

The Montgomery mocel is an extension of the Stolwijk (1970) model

Intended to allow investigation of heat ioss/gain during underwater diving

work. Its thermoregulatory system Is divided into two distinct subsystems:

the physical-controlled subsystem and the dynamic-controlling subsystem.

Th¶ controlled subsystem cons'sts of the physical portions of the body.

The controll!ng subsystem contains the central hypothalamic thermo-

integrator, the central set point temperature and associated afferent

and efferent signal pathways. The controlling subsystem receives afferent

signals from all pcrtions of tht body, Integrates the signals, compares the

results to the central set point and distributes the appropriate effector

command signals Lo all portions of the body.

The controlled subsystem, Figure IIl-1,conslsts of the head which is

considered a sphere and cylinders representing the trunk, arms, hands, legs and

feet. Both arms, hands,legs and feet are represented,because of symmetry,by one

5••... d L• • •g



FIGURE Ill-1
SCHEMATIC OF THE

MONTGOMERY CONTROLLED SYSTEM
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cylinder each. Each body segment Is composed of eleven concentric

layers: four representing the body core, four representing the muscle

layer, and one each representing the body layers of fat and skin, and

one representing the outer wet suit layar. A central blood compartment

simulates the body's central blood pool which exchanges heat with all other

body compartments, via convective heat transfer, through simulated blood

flow to each compartment. Each of sixty-one body compartments Is represented

by a heat balance equatidn which accounts for Internal heat generation,

conductive heat transfer between adjacent compartments, and convective

heat exchange with the central blood compartment. Where applicable,

respiratory heat generation and heat loss are included In the body compart-

mient heat equations. Additional heat balance equations represent a wet

suit on the six body segments and include the effect3 of conductive heat

transfer with the skin and conduction-convection with the ambient water.

Each of the sixty-seven heat balance equations includes the thermal capacl-

tance of the compartment enablIng the transient response of the compartment

to be 5imulated.

The Gordon Model

The Gordon model Is the most complex of the three models oxamined.

Gordon £lso divides the temperature regulatory system Into two major subsystems:

the passive subsystem and the control subsystem. The passive subsystem Is

divided Into ten body segments. Cylinders are used to represent the neck,

thorax, abdomen, arms, hands, legs anO feet. A cylindrical segment represents

the face and spherical segments represent the head and forehead. All seg-

ments consist of four concentric layers. Both the number of segments and

the number of Integration nodes per layer Is variable. The model was

implemented at Clemson with the segmentation described above and eleven

nodes per segment. Both of these choices were used by Gordon In his Initial

validation of the model. They represent a logical balance between computational

burd,!n and numerical precision.

Since the body Is modeled as concentric spherical or cylindrical shells,

(Figure 111-2) the governing equations were obtained by considering a shell of

uniform properties. An energy balance equation Is used for each shell. To

complete the passive subsystem model, heat transfer Involving the blood pool was

modeled, Including counter-current heat exchange between certain body elements

7



and the blood pool. The partial differential equations (which from the

energy balancing) are nonlinear and are solved by finite difference

techniques.

The control subsystem in this model generates several "error signals"

which are deviations of average skin heat flux, average skin temperature,

and hypothalmus temperature from set-point values obtained passively during

basal conditions (resting with no food in stomach). Combinations of these

error signals are weighted to produce the control subsystem signal. The

equations which describe this control signal make up the control system

model. Although the original emphasis of thls model was to slmulate

exposure to cold air, provisions were made for the future addition of a

warm-environment controller. The computer code for the Gordon model was

written 1,. FORTRAN.

I8



3-0. THERMAL TESTING PROCEDURE AND RESULTS

Any model to be used for evaluations of a cold-prctection device

must be provided a description of the thermal properties of the device.

The models considered In this study were modified to accept, as input

data, the thermal conductivity (resistivity) of the devices. Since this

data was not available for many of the devices Included In this study, It

was necessary to determlRe them through experimentation. This chapter

presents a brief description of the testing methc:dology and the results

obtained with It. A detailed description of the methodology was given

by Baker (1979).

Briefly, the procedure was to monitor the temperature In a bag ý-f

water (initially warm) w:hlch had been surrounded by the test material,

while it was vigorously agitated In a large tank of colder water. From

this data, the BTU loss could be calculated. Assuming linearity over a

brlaf span (3-5 minutes) an estimate of the thermal resistance (R) of the

material was calculated. Values obtained In this way are only approxi-

mations but were seen to compare well with published values obtained using

tne methodology of ASTM-C5I8-70.

Each device Included In the cold-immersion test (except the PFD) was

tested to determine Its thermal resistance, A number of tests were per-

formed on each device. Any test whose result was suspect due to obvious

nonlinearity was discarded. This resulted in sample zlze3 ranging from

three to five for Individual protective devices. Table i11-1 presents

thermal resistance values (R values) determined In this testing and co-

0fficlent of heat transfer values (U values).

The suits which relied upon Aramid underwear to provide thermal protection

were tested with a swatch of It placed between the bag and the device being

tested. These suits are Identified In Table I11-1 with the comment (W/A).

"It was noted that In the case of the CWU-21/AP, the Arlmid swatch was wet

at the completion of each test. As was pointed out In Part I of this report,

Harnett, at al. (1979), this suit was also observed to leak during its In

vivo cold immersion testing.

The ILC Industries prototype and Dr. Rentsch's prototype rely mainly

on an infl&tatle air bladder to provide thermal protection. The conductiv;tV

9
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of these two devices could noc be datarmlrned by direct tests as previously

described. Instead, we measured the Intrinsic conductivity of the suits

deflated. The-e values along with the average thickness of the air space

with the suit inflated were used to calculate an overall condu-tivity.

The calculated values shown In Table ill-i are actually the average of

two celculatad values. One value was calculated assuming that the air

space was devoid of convection; the second assumed that the convection-

conduction was equivalent to that between two srnocth parallel plates.

The first assumption leads to an optimistic value, the second to a pessi-

mistic value. The average was taken with uniform weighting. Thts approxi-

mation Is necessitated by the geometry of the problem w;hich does not lend

itself to solution by known techniques.

The accuracy of this method is unknown. It Is suggested that in the

future, conductivity tests be run using a heat balance system similar to

that recommended in ASTM-C518-70 but adapted to 4'.esting in "the wet".

For example, a brass sphere containing water and a heating coil could be

covered with the material to be tested. By monitoring the temperature In

the vessel during immersion, the power through the coil can be adjusted

until a steady-state temperature Is achieved within the vessel. The power

being supplied to the coil is then directly related to the conductivity

of the protective miterial.
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4.0 EVALUATION OF THE SELECTED MODELS

The models selected were modified to accept the Input,, from the

thermel testing described In the last chapter. This simplified the

process of exercising the modeis for the variety of test articles con-

sidered in the study. It was also necetsary to modify by adding a layer

to represent the protection equipment. Further, it was necessary to

modify the modeling of convective-conductive hoat transfer av the interface

with the environment to reflict the differences rmsulting from water as

opposed to air Immersion.

4.1 The Winton and Linebarger Mode'

The Winton and Lirebargar model Is The simplest of the three selected for

evaluation. The three-layered cylinder used to nodel the body was represented

by the electrical circuit analog shown in Figure 111-3.

FIGURE 111-3
WINTON-LINEBARGER 3-LAYER MODEL

-(H
T

c 

T

~Ta

c T a

The model, originally Implemented or an analog device was later written In

CSMP. A CSMP version cf the model was Impiamented and evaluated in this

study.

In Figure 111-3, Hc is a current source which represents basal metabolic

12
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thermogeneslsp shivering thermogenests and respiratory heat loss. G Is
a resistor represontlng the net heat conduction of the body tissues and Grepresents the net conduction from body to environment. C is a capacitora
representing the heat capacitance of the body tissues except for the skin
which Is represented by Cs. Ha Is a current source representing evaporative
heat loss, 1. as a voltage source representing ambient environmental
temperature and T and T represent core and skin temperatures, respectively.

To accommodate modeling of a thermal protective device It was necessary
to modify the circuit In Figure III-3. Figure 111-4 shows the modified
model.

FIGURE 111-4
MODiFIED WINTON-LINEBARGER MODEL

H

T TT T

Ts w

cS

Hgre G represents the conductance of the protective device, and C Its
w 

W
thermal capacitance. The current source, H w, was Included to allow the modeling
of devices which, themselves, produce heat. T Is the temperature of the pro-w
tective device. For Immersion simulation H Is set for zero. All of theprotective devices considered in this study are passive, so H was'set to zero.A listing of the CSHP program used to Implement the model in Figure 111-4 is
shown In Appendix A.

The model performed well considering Its simplicity. Core temperature

13



losses were of the same magnitude as those observed during a human

Immersion. The time trace Itself however was not the same as Is seen In

Figure 111-5. The model loses a significant amount of heat before the

metabolic process can begin to compensate. The metabolic rate is driven

as high as necessary to overcome the rate of heat loss and the model

finally exhibits a plateauing.

FIGURE 111-5
TIME-TEMPERATURE PROFILE

FROM WINTON'S MODEL

0.0
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The Initial large loss of heat, as reflected by a rapidly declining

core temperature, is attributed in the mann to the controllers Inability

to react to the high gradient experienced upon Immersion. As with many

models, Winton's was developed for use In estimating steady-state conditions.

As a consequence, large continuing changes are required In core and skin

temperatures before the metabolic rate becomes sufficiently elevated to

14
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overcome the rate of heat loss due to the Immersion.

Making the model more useful for evaluating protective devices ýVuld

require modification of the controlling subsystem. Because the mode'

represents the surface of the subject as a single cylinder, It Is apllicable

oniy to the study of fu!l body protective devices. Some generalizat ons

to this model are possible. With modification of the controller gooat estimates

of cooling rate may be possible for full body suits. Since the model requires

small amounts of both computer time and storage, there may be sufficient

justification to warrant this modification effort.

4.2 The Gordon Model

As described In Chapter 2, Gordon represented the body by a set of

spherical and cylindrical segments consisting of concentric layers. Each

layer was subdivided to finally represent each segment as a set of partial

differential equations across eleven nodes. Each node was centered In a

shell of uniform material. The resulting equations are solved using finite

difference techniques.

The addition of a protective device to this model required only two

small changes to the model. An additional layer was modeled for each body

segment covered by the device. Each segment originally had four layers.

Because of the rapid transient temperatures to be experienced in this layer,

it should be modeled with not less than two Integration nodes,Wissler (1971).

Thus, at a minimum, the model would consist of thirteen differential equations

for each protected segment.

The second change required was In the control subsystem. In the

original model, the controller is hooked to the last Integration node, that

of the skin. Since the model was built to accept a varying number of nodes

per segment, the addition of the protective device would cause the controller

to use as Input temperatures and fluxes calculated for the furthest node

from the segment core which would be protective device surface temperatures

and fluxes. This Is easily remedied in either of two manners. First, one

may fix the number of nodes representing body In each segment thus affixing

to the skin a constant node number. Alternatively the node number representing

the skin may be calculated by Including as Input the number of nodes used

to represent the protective device on each segment.

15



A' As mentioned above, the three models to be modified were first examinedunder conditions for which they had been designed. In this testing Gordon's
model was found to be the best overall analog. Before modifications were
made to model the protective device, the model was set up to simulate a
nude cold Immersion. As a result of these runs, a major problem was
observed In the Gordon model. One would expect that, after an Initial
rise in core temperature, a decrease would occur which may or may not find
an equilibrium level. The period of Initial rise and the magnitude of the
rise can vary. However, from experimental evidence one would expect the
period to be relatively short with a magnitude of at most a few tenths of
a degree celsius for a nude man In cold water. The Gordon model exhibited
the Initial increase upon Irmmersion. However, the core temperature continued
to climb as the simulated Immersion continued. At the end of a 5-hour simulated
immersion, the core temperature had reached approximately 42*C.

A re-examination of the model under the conditions for which it was
validated by its author showed that the problem could have existed at that
time. It was validated during relatively short (2 hour)simulations of ex-
posure to cold air (5C). Increa3ing core temperatures were expected during
this period. Their appearance in the simulation results seemed to indicate
that the model was working well. Unfortunately, the validations with cold
air immersions did not extend Into the time period when core cooling occurs.
This problem was not observed in the Initial testing at Clemson because the
simulations were also of relatively short duration.

- tThe Gordon model employs the most detailed modeling of the human physical
-i structure of the three models examined. It was anticipated that It would

prove to be the most accurate of the three selected models. For this reason,
while it was not an objective of this effort to Identify and correct modeling

A errors, an attempt to do so was made. The equations for the physical system• i were verified by rederivation. The coding was checked and several slmpllfl-cations were made. However, the problem could not be identified. It was

finally decided to terminate efforts to correct the Gordon computer code, In
favor of concentrating on the Montgomery model.

4.J The Montgomery Model

As suggested earlier, the Montgomery model Is basically an adaptation
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of Stolwijk's model designed for use In evaluating the thermal aspects of

diving activity. The model divides the body Into ten compartments/segments.

Each segment Is subdivided Into eleven concentric layers. Each compartment

represents a lumped thermal capacitance with appropriate modes of heat

production anti heat transfer to other compartments. Each body layer gene-

rates metabolic heat at a basic rate and exchanges convective heat with

the central blood pool. The eleven compartments of each segment exchange

heat via conductive trans'fer with adjacent compartments as function of

layer geometry and tissue thermal conductivity. Each wet suit segment

exchanges heat with the environment as a function of wet suit properties

and ambient wator conditions.

The starting point In the development of the thermal network for a

given subject is to estimate his percent body fat from his height and

weight. His total surface area Is also estimated from his heigit and

weight. The surface area of each segment is then calculated from the total

surface c&rea.

The relative weights of the various segmental layers are calculated

from the subject's total body weight and a percentage weight distribution.

The various compartment weights, when multiplied by the. corresponding

specific heat value, yields the thermal capacitance value for each compart-

ment. Since the core of each segment consists of both skeletal and visceral

tissue which have different specific heat values, they must be treated

separately and ave;-aged.

The central blood compartment, representing the blood In the heart and

the great vessels, Is assunted to contain 2.5 liters of blood. The thermal

capacitance of the central blood compartment Is subtracted from! the totalV thermal capacitance of the trunk core. The metabolic heat generation in
each body compartment is calculated using the distribution given by Stolwljk

and Hardy (1966).

The convective heat exchange that takes p~lace between each body compart-

ment and the central blood pool as a result of blood flow Is calculated

using the basal blood flow values for each compartment. The thermal con-

ductances of each compartment are assumed to be uniform, concentrated at

the compartment's center of mass and only dependent upon compartment tempera-

ture. Thermal conductance between layers is a function of the thermal
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conductivity of the material between compartments, the -distance between

compartments, the area of the heat transfer surface located at the mid-

plane between compartments and the temperature of the two compartments.

The wet-suit-to-amblent-water heat transfer coefficients are

dependent upon the geometric shape of the body segment, the ambient

temperature and pressure; the viscosity, thermal conductivity, heat capa-

city and density of the surroundlng water; and the water velocity relative

to the body segment. Wet suit compartment thermal capacitance values are

calculated as a function of wet suit specific heat and wet suit density

for each segment.

The Stolwijk (1970) blothermal model was used to form a basis for the

controlling subsystem. The first change that was made to the Stolwijk model

was to pruvide more compartments to represent the core and muscle tissue

of each body segment. Finite difference methods of solution using lumped

nodes will produce errors when new gradients develop In the relatively

thick muscle and core layers. ThIs type of error may be decreased by

introducing additional compartments in the core and muscle portions of

tne controlled subsystem. This method was used by Wisslor (1964) to Improve

the simulated response to cold exposure.

The core and musc)e portions of each segment were divided into four

compartments, each having one-fourth of the core of muscle mass of the given

scgment. An additional compartment was also provided to represent the wet

suit covering each body segment.

The effect of evaporative heat loss from the skin compartments Is

negl!gible under diving or totally immersed conditions. The evaporative

heat loss from the trunk core Is equal to that amount of heat that is

carried away from the body during expiration of the respiratory gas. The

quantity of heat loss from the respiratory tract for any gas mixture can

be calculated from the physical properties of the gas mixture and the

thzrmal and dynamic characteristics of the respiratory system. Respiratory

heat loss Is proportional to the respiratory minute volume, which is in

turn related to the amount of oxygen required to provide energy for

metabolic needs. The respiratory loss of heat is somewhat offset by the

work of breathing. the net amount of evaporative heat loss from each of

the trunk core compartments Is taken to be one-fourth of the difference

18
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between the total respiratory heat loss and the total heat generation

due to respiration.

Net heat flow Into or from each compartment Is then calculated. The

skin compartment In each segment ioses, through conduction to the wet

suit, an amount of heat dquai to the heat transfer coefficient multiplied

by the temperature difference between the skin and wet suit compartments.

Since a diver does not receive solar heat Input and does not transfer

radiant heat to his surroundings, the environmental heat transfer coefficients

used by Stolwijk (1970) have been replaceu by convective-conductive heat

transfer coefficients between the wet suit and ambient water. The water-

neoprene skin surface heat transfer coefficient is dependent upon the

geometrical shape of the body segment; the ambient temperature and pressure;

the viscosity, thermal conductivity, heat capacity and density of the

surrounding water; and the water velocity relative to the body segment.

Little modification was necessary to the physical system of Montgomery's

model since it already had provisions for an additional layer between the

skin and environment. Initial modifications were directed toward increasing

the flexibility of device modeling to allow simulation of other than full

body suits. in add!tion, modifications suggested by Montgomery (personal

communications) were implemented to simulate immersion of the body with

the head and neck (modeled as a single segment) exposed to air. These

changes were made in the WETMAN subroutine of the model computer code.

Typical Results with Montgomery's Model

Runs were made to simulate several of the devices Included in the cold

immersion test described in Part I of this report, Harnett et al. (1979).

The results of one series of these simulations Is shown In Figure 111-6.

The article modeled (WP3) was a Jacket-type device providing protection

basically to the trunk and arms. The figure presents the simulation results,

for a man 172 cm tall weighing 74.4 kg, and the experimental observations

for five volunteers testing this device.

Considerable variation In response Is exhibited by the five experimental

observations, largely due to somatotype differences among the subjects. None

of the individual responses Is represented well by the model results. The

model's metabolic control subsystem Initially falls to recognize the heat

drain caused by the cold immers!on. This results In a too slow increase

In the rate of thermogenesis and a rapid cooling shortly after immersion.
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When the metabolic controller does recognize the loss It elevates the

metabolic rate by large steps to compensate for the decline in average
skin and head core temperature. The result Is a complete stabilization of

core temperature.

Montgomery's Metabolic Rete Controller

The controller for metabolic rate formulated by Stolwijk and used by
Montgomery calculates changes in metabolic rate based upon the following

formulation.

AMR - Cc .(AT + R .T' ) + C .( AT + R • T') +
c c C S S S S

C -(T + R .T ) -(AT +R R T'
c c C S S S

where AMR - change In metabolic rate

C, C, C, Rc and R are weighting factors

ATC - deviation of head core temperature from aSset point value

V - rate of change of head core temperatureC

SAT S -deviation of average skin temperature from a
set point value

lT - rate of change of average skin temperature
S

The weighting factors (constants) are defined as follows.

R oc

R S 0.03s

C 0o
CS

C - 21.0

The definitions of Cc , C and C were used by Stolwijk based upon the experi-
mental evidence of Benzinger, et &1. (1963). With these definitions the
metabolic rate controller simplifies to the following.

AMR - 21 .AT .(AT + 0.03 T'
C 5 S

*Average skin temperature is defined as the average of the outer surface temperatures
of each compartment, weighted by their proportional amounts of surface.
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This simplified model Is completely insensitive to the rate of

head core cooling and is not particularly sensitive to the rate of skin

cooling. The model is largely based on the amounts of cooling In these

two temperatures and places essentially equal emphasis on the two.

Initially, there will be a rapid decrease in average skin temperature

but very little change In core temperature. This Implies that the product

In the above equation will be small, resulting In small Increases In the

metabolic rate, until thdre has been a significant decrease In head core

temperature.

This helps explain the behavior of the model as depicted ;n Figure

111-6. It is obvious then that there Is considerable room for imnproveriemt
In modeling metabolic control. While not Included In the scope of this

project, the development of a new controller was seen to be essential to

a positive finding that a model can serve the purpose addressed In this

study.

The valid!ty of Montgomery's (Stolwijk's) metabolic controller for

certain conditions (e.g., a nude man in cold air) has been shown by many

people including StolwliJk. It was, as stated above, based on experimental

data. It was decided, therefore, to formulate a new controller for the

Immersion environment based on the data collected In the human ;nerslon

portion of this study suminarized in Part I of this report.

Improved Metabolic Controllers

Relevant data available Included rectal temperature at 15 cm, skin

temperatures at the toe, thigh, forearm, bicep, groin and subscapular sites

and periodlc measurements of metabolic rate. The procedure used to develop

the controller was to establish,through regression anilysis, linear models

relating changes In metabolic rate to changes in the rectal ar.d skin tempera-

tures. The basis of comparison for determining these changes were measurements

made following a 30-minute rest period prior to commenicing cold Immersion.

The initial attempt was based upon regression analysis applied to the

pooled sample of observations obtained In the laboratory, When the resiltinfg

metabolic controller was Implemented In Montgomery's model, fair predictions

of cooling rates resulted for most of the wet-mode suits but the predictions

for the abandon-ship type dry suits were much worse.

The experimental data was then segregated In two subsets -- one obtilned

dLing Immersion in ii.8*C water with wet-mode suits and one obtained during
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Iwrmer-Ion In 1.7C water with dry-mode suits. These data sets were

analyzed saparitely to produce a metabolic controller for each condition.

For the wit-mode suits the following model was obtained.

AMR - 7.004 5.822 .ATth - 2.407 -AT.V - 37.382 'ATr

where AT - dhnge in thigh temperature

LT *- change In forearm temperatuare

AT r change In rectal temperature

This model hbd a correlation coefficient (R- value) of 0.77. Tihe

accuracy with which regresslin relations sonforn to tho data Is often

expressed by "F test statistIcs". The significance of these statistics

may be Interpreted by the "levol of siglficance" at which the hypothesis

(that the observationi follow the model) mev be rejected. Small levwis of

significance Indicate that the regression conforms well to the observations.

The "level of significance" for this regression was 0.001,

The control model obtained from regression analysis of the data obtained

with the dry-mode 3ults is the followIng.

AMn - 1i0. 7 - 2.654 -ATt - 4.595 -ATth

5.361 .AT h - 8.920 .ATr

where fTf - chmnge In toe temperature

ATb - change In bicep temperature

other symbols a% previously defined

This model had a correlation coefficient of .85 and a "level of s!gnificance"

of .0001.

TI.ese two relatlonshlp'n were impiementea In the Montgomery model.

It was necessary to accept some approxkniationsin marrying the list of

variables requirsd by the cootrollers with those available In Montgomery's

model. The variables were matched as follows.
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Controller Variable Model Variable

Toe temperature Average foot temperature
Thigh temperature Average leg temperature
Bicep temperdturc Average arm temperature
Rectal temperature Trunk core temperature

These approximAtions Are unavoidable because of the simplifications in-

volved In modeling the physical structure of the body In Montgomery's

model.

Model Validation

The question of model validity Is dependent upon the use to which

tne model Is to be put. The objective In this case is to use the model

rather than human experimentation as the basis to estimate the survival

tima associated with new developments In protection equipment. If one

accepts the survival time model ard predIction procedure presented In

Part I, then all that Is required of the model Is a prediction of core

cooling rate which may than be used to estimate survival time. This would

relieve the need to be particularly concerned with absolute temperatures

predicted by the modal for various boJy s!tes or transient aspects of

their profiles.

Based on this method for estimating survival tima, model validity

may be determined by establishing the accuracy of Its predictions of

the rate of core cooling. This may be done by performing statistical

tests comparing the rates ebserved with the volunteer test subjects

(Part I of this report) to corresponding rates predicted -or them by the

model. This data is naturally "paired" and so lends itself to paired

analysis as a means of variance reduction. The "paired t test" described

by Steel and forrle (1960) was used for this purpose, The pro.-edure is

Illustrated below. The test was run at the 0,05 level of significance with

a two--tailed rejection region.

Null Hypothesis H 0): There Is no difference between mean
0 simulated and mean experimentally

observed cooling rates

24
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Predicted Cocln Rate( G/hr) Deviationq (d)

Subject Sim~ulat Ion Exei~menta SIm MGd o-n- ':xpeari1menta I

MK 1.037 2.510 -1.473

GE 1.4.72 1.800 -U.328

TP 1.100 0.556 0.5144I BH .697 0.391 0.30
PK .621 o.244 0.376

U - 2.808 Ed - 0.575 n - 5 (No. of pairs)

d n -/ 0.115

2 2
S . Ed -TýEd) - 0.137

S;- 0.367

t-t~est statistic - ;/S; - 0.310

Critical value of t at 0.05 level of significance with
4 degrees of freedom - 2,776

Since the calculated statistic Is !ess than the critical
value we cannot reject H0

A turmmary of these tests for each of the devices Included In the cold

immersion testing, except for the PFD Is presented In Table 111-2. From

the table we observe that the model performed tveil for ail of the wet-mode

suits.

Those suits for which we must reject the hypothesis of sameness between

model and observed average cooling rates are largely the abandon-ship suits.

Reference to Figu.re 1-1Iin Part I of this roport will help explain the models

failure. The model "sees" all simulated Immersions with the subject corn-

p~etely underwater From the neck down. As can be easily observed from the

pictures of the flotatior attitudes of these suits In Figure 1-1, much of

the upper surface areas covering the legs. aems and trunk of each of these

suits Is exposed to air. The heat transfei, coefficient for air Is much less

than that of water. One would thourefora expect the cooling rates predicted

by the model for these devltes to be ojreater than that observed In the
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TABLE 111-2
RESULTS OF PAIRED t TEST

WITH REGRESSION-BASED CONTROLLERS

Calculated Critical Degrees Accept or'
TEST ARTICLES Statistic Value @ of Reject

0.05 Level Freedom

Bayley Exposure Suit (PVC foam) 5.367 2.776 4 Reject

Bayley Weather-Mate Plus 1.599 2.776 4 Accept

Helly-Hansen Survival Suit (D-600-0) 4.789 2.571 5 Reject

Herderson Zip-On Exposure Suit (2080-4) 5.237 2.776 4 Reject

Henderson Prototype Jacket 1.130 2,776 4 Reject

ILC Industries Prototype Survival Suit 0.387 2.776 4 Accept

Medalist Ski Shorty (7010) 8.172 2.776 4 Reject

Mustang tJ-V;C Thermofloat (1661) 0.009 2.776 4 Accept

NADC Goretex Experimental Coverall 9.102 2.571 5 Reject

Dr. 3. B. Rentsch's Prototype Survival Suit
(without respiratory heat reclamation) 1.289 2.776 4 Accept

S.I.D.E.P. Seastep Survival Suit 15.931 2.776 4 Reject

Stearnis Windjammer Jacket (FJ-55) 0.416 2.776 4 Accept

Stearns Offshore Survival Jacket (FS-500) I,23 2,571 5 Accept

Stearns Heavy-Duty Offshore Surv!val
Suit (FS-71) 6.068 2.776 4 ReJect

U.S. Air Force Modified Anti-Exposure
Assembly (CWU-21/AP) 2.187 2.776 4 Accept
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experimentation, as Is the case.

The Stearns Heavy-Duty Offshore Survival Suit and the Henderson Zip-On

Exposure Suit failed to pass the test. Reference to Figure I-I shows the

same type of flotation attitude for these suits as for the abandon-ship

suits. In addition to the above-stated reason, the Inadequacy of the

controller may be contributory to their failure.

Model results for two additional suits failed the paired t test. In

both cases the model-predicted cooling rate was faster than that observed

from our testing. Again reference to Figure i-I shows that both of these

"devices were tested with the subjects wearing a "water wings" type flotation

device which exposed a significant amount of the trunk to the air. Additionally,

the flotation device allowed the subjects to keep their arms and hands out

of the water. Thus a faster predicted cooling rate from the model seems

very reasonable.

Three suits passed the test which, by the above arguments, should have

failed, the ILC prototype, Dr. Rentsch's prototype and the U. S. Air Force's

CWU-21/AP. All three of these had simulation predicted cooling rates slower

than we expected. For the ILC and Dr. Rentsc;h's prototypets this Is most

probably due to error In the estimation of their thermal conductivities.

The estimated conductivities are, therefore, probably smaller than the

reality. Thus while the model saw a completely submerged suit, it also

saw a thermal resistance probably larger than ,eallty. The combination of

these tw-o "errors" acted to cancel each other.

The average of the observed cooling rates was higher than the average

of the model predictions for the CWU-21/AP. This suit, while ostensibly

a dry suit, was observed to leak during testing, .as noted in Part I and

in Chapter 3 of this part of this report. Since the only thermal protection

was the thin dry shell and arimid underwear, It is reasonable to assume

that the majo,- portion of the thermal protection offered by the underwear

was lost when It became wet. Thus the modul may have expected more thermal

resistance than probably existed In the exptrimentation.

If one s concerned only with the predictikn of cooling rates, the

model, when ised on suits that do not expose a 1jreat deal of body/device

surface to air, appears acceptable. Overail, (_oling rates predicted by
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the model are faster than observed. Thus, in general the coollng rate

obtained by simulation will lead to conservative estimates of survival

time when used with the survival-time prediction model presented in

Part I of this report.

The failure cf the model lies In its Inability to accurately predict

time traces of body temperatures. Figure 111-7 shows a plot of rectal

temperature as a function of time for two subjects wearing the U-VIC

Thermofloat. The solid lines are plots from experimental data. Broken

lines show the results obtained when the physical parameters of the two

subjects were put into the model. Iwo Important observations may be made.

First, there is a complete absence in the simulation results of any initial

rise in rectal temperature. Second, the average slopes of the observed

and simulated rectal temperature traces (from maximal temperature to last

observation) are very nearly equal. In fact, if the model traces are

displaced to the rightto coincide with the return of the experimental trace

to entering temperature, the simulated and observed traces correspond very

well. Since the slopes are approximately the same, the predicted cooling

rates will be very similar. Thus the model was able to pass the paired

t test even though the predicted and observed rectal temperature behaviors

varied notably.

Tuning the Metabolic Controllers

As noted in Part I, for two of the human immersion tests we had the

use of a Waters continuous reading oxygen consumption meter computer

(MRM-I). The time profiles of metabolic rate observed using this device

are seen in Figures I-4 and 1-5 In Part I. It may be seen that Immediately

upon Immersion the metabolic rate jumps by about 40 kcal/hr above a resting

rate of approximately 70 kcal/hr. Since even the revised metabolic control

models did not show this Immediate Increase, an experimental contro!ler was

constructed which Included it as b cciistant. The resulting experimental

controller for the wet-mode devices Is the following.

AMR - 40 + 1.237 - 5.339 -ATth - 4 7.ATf

The last three terms of this expersslon were obtained by regression and had

an R-value of .69 and a level of signifIcaince of .04. For dry-mode suits

tested in 1.7°C water, the 40 kcal/hr constant was added to the regression
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equations determined above for these suits.

Figure 111-8, shows the profile of change In rectal temperature for

two subjects wearing the U-VIC Thermofloat. The observations are shown

as solid lines while the simulation results are represented by the broken

lines. The agreement between observation and simulation Is much Improved

over that depicted in Figure 111-7 for the modified controller based solely

on regression.

Table 111-3 presents the results of paired t test carried out between

the simulation predicted cooling rates using these experimental controllers

and those observed experimentally. The results are much the same as those

presented for the modified controllers in Table 111-2. The notable changes

are the ILC prototype and Rentsch's prototype which fall now, exhibiting

slower predicted than observed cooling rates as would be expected with a

higher average metabolic rate. The Increase in metabolic rate also helped

the S.I.D.E.P. Seastep and Stearns Heavy-Duty Offshore Survival suits to

pass the test. Overall, while these controllers are not as firmly supported

by experimentation, the results are subjectively more satisfying.

Figure 111-8 presents the profiles of three skin temperatures pre-

dicted by the model for an "average" man, as described in Part I of this

report, versus the average results obtained experimentally. The experi-

mental points are bracketed by one standard deviation. The profiles show

only the first fifty minutes of the Immersions. This is necessitated by the

removal of one of the subjects at that time.

The profile of leg temperature predicted by the model, as shown In

Figure 111-8(a), lies outside of the bounds of the experimental data. However,

the temperature plotted for the model Is an average leg temperature while

that plotted from experimental data Is a thigh temperature. One would cer-

tainly expect an average leg temperature to be lower than a thigh temperature.

The profile of arm temperature is shown In Figure 111-8(b). The

;nitial deviation Is due most probably to the rapid decrease in skin tempera-

tures when the protective device initially floods with water. The model

does not see this flooding and the simulated temperatures drop more slowly.

In the model heat must be lost thro' ugh the simulated device to the water.

The frequent movement of the subjects (e.g., shivering) during the Immersion

helps to maintain some continual flushing. Thus the average arm temperature

from the model would be eý(pected to be somewhat warmer than that observed.

30

S... .. .. : .. . • = • :,•i i•.----°



0

GO

w at

10 w
w'

ka I1
I" Cl

/o 0

to 1.- 0

LJLA-

C)/

0 E
tj /

Is /v LI-4F
-0 0 -

7O

(3/3nVdd3 1I3 I3NH

/3



TABLE 111-3
RESULTS OF PAIRED t TEST

WITH EXPERIMENTAL REGRESSION-BASED CONTROLLERS

Calcu.lated Critical Degrees Accept or
Statistic Value @ of Reject

.. ___ ___0.05 Level Freedom

Baylay Exposure Suit (PVC foam) 4.088 2.776 4 Reject

Bayley WeatherMate Plus 2.03 2.776 4 Accept

Helly-Hansen Survival Su;i (D-600-0) 2.926 2.571 5 Reject

Henderson Zip-On Exposure Suit (2080-4) 4.552 2.776 4 Reject

Henderson Prototype Jacket 0.945 2.776 4 Accept

ILC Industries Prototype Survival Suit 4.750 2.776 4 Reject

Medalist Ski Shorty (7010) with Flight Suit 3.143 2.776 4 Reject

Mustang U-VIC Thermofloat (1661) 0.310 2.776 4 Accept

NADC Goretex Experimental Coverall 4.369 2.571 5 Reject

Dr. S. B. Rentsch's Prototype Survival Suit 14.609 2.776 4 Reject
(without respiratory heat reclamation)

S.I.D.E.P. Seastep Survival Suit 2.597 2.776 4 Accept

Stearns Windjammer Jacket (FJ-55) 1.170 2.776 4 Accept

Stearns Offshore Survival Jacket (FS-500) 1.178 2.571 5 Accept

Stearns Heavy-Duty Offshore Survival
Suit (FS-71) 1.706 2.776 4 Accept

U.S. Air Force Modified Anti-Exposure
Assembly (CWU-21/AP) 1.323 2.776 4 Accept
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FIGURE 111-8(c)
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Figure 111-8(c) shows the relationship between model predicted and

observed temperatures for the trunk. Experimentally the trunk temperature

was taken to be that monitored at the subscapular site. Again ar initial

deviation may be seen which is easily attributed to initial flooding of

the suit. In the long run the experimental profile is at a slightly higher

temperature level than the simulated one. The simulated data is for the

average trunk temperature which might reasonably be expected to be cooler

than the subscapular site'.
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$,_0 CONCLUSIONS AND RECOMMENDATIONS

The potential usefulness of a simulation mocel for evaluation of an

immersion protective device is without question. In addition to eliminating

the risk associated with human experimentation, th0,r ac ecoromic advan-

tages In conducting evaluations by simulatlor, rather than by human zxperl-

mentation. Furthermore, simulation of an irni.orsion may be accomplished

in a short time. The computer rsources '-*quired by thw;-n model are small,

most will run In under one minute of CPU time on an 10t, 0333 argud use less

than 256k of core. The cost of a typical run made with Montgomery't hiodel

in this study was approximately $7.80, Obviously this is a much more

economical approach than dlre(t human experlmentation.

An -additional advantage Ilet in evaluation of new postuiated designs.

Currently, these designs must be fabriciate.S and tested by human exp~rI-

mentation. Using a simuladon modml one need not physically construct tho

prototype. Rather, :)e need only describo Iý to the $fmulat;on model.

Obviously, this approach tiould grealy Increase the number of prototype

devices which might be exaimned and the cost would Ie much reduced.

The modified Montgomery modsl, discussed In Chapter 4, represents a

good start toward a useful model. One may be reasonably coifident of

survival times calculaced ;rom priJizct.d cooling rctes oeneiatsd by this

model. There is, however, some room for Improvement. Tho ciajor areas

;nclude: Improvement of the controller, more dozell In the phystal mcdal

and improved methodology for the dtermination of protective device thermal

properties.

The most Immedlate need is for an Improved ccntroller. Review of the

literature has shown that all •ontrollers presently in use v.ere designed

from data collected in low rate of heat loss experlmen•, gereraly./ nude

cold air Immersions. The validation of models with those controllers has

been accomplished uitdar the same conditlons. There Is ro reason to expect

that a controller thus devuloeued will functior, correctly under the condi-

tions one encounters during zold varer Immersions (e.g., hIgn rates of

heat loss).

As has been demonstratn, Imprcved model performance may be obtained

by using a controller developed From data rcclleced during cold water IJ

Immersions. The controllers Investigated In this study were all based on



simple deviations of temperatures cz varbous body sites from predescribed

resting temperatures for those sites. The behavior of the model, using

a controller based solely on a linear regression of deviations In surface

temperatures leaves much to ba tried.

It was seen in Figtire 111-7 that a bas:c problem appears to be a

too slow start of the rimtabollc hirnace. That is, the simulated metabolic

rate dWd not Increase sufficiently, compared to the rate of neat loss, until

a large rectal temperature drop occurs. This leads one to believe that

controllers based on rato of heat loss, rate of change of various body site

tempevatu.ee oi" whole or partial body heat flux may be required In Urder
tu obtain Improved accuracy in temperature prediction from the model.

One of thm reasons Gordon's model was chosen for Inclusion in this study

was because Its controller, unlike others, used whole body heat flux In

detormining deviation of metabolic rate from Its basal level. Unfortunately,

most of the experimental work has been carried out under low rate of heat

loss conditions. That work which has been performed under conditions of

high rates of heat loss has not been done with controller formulation In
mind. One finds that metabolic rates were not always taken or If taken were

taken at long Intervals. Referring to Figure 1-4 we observe a great deal

of fluxation In metabolic rate as a function of time.

Improved controllers can certainly be developed with existing data.

More human immersion work may need to be done continuously recording meta-

bolic and temperature data in order to formulate an accurate controller.

An attempt could then be made to correlate data collected In this fashion

with data from low rate of heat loss work in order to develop a contt'oller

good for all modeling dealing with conditions of heat loss.

As was discussed in Chapter 4, most of the suits which failed the paired

t test were believed to fail, at least In part, because of the., model's

inability to simulate the flotation attitude cbserved In the experimentation.

The Montgomery model assumes Immersion to the neck. Experimentally (Fig1ere

I-I) it was often seen that much of the trunk, legs and arms was exposed

to air. Obviously, the model should and did predict higher than obf;erved

cooling rates. Therefore, to be applicable to the evaluation of suits of

this type (basically abandon-ship suits) the model 3hould be modified.

An additional problem encountered with Mont:gomery's model was the

inability to properly describe some of the suits. The medel represents
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the human body .ýs cc'mpoledi of a compicte Keid arsi trunk, complete armo.,

hands, logs one fae. There Is no way to distinguish between tO'orax ihfd

abdomen, uppor a~nd Voww*r arm k.jr vppnr and lower logs. As a consequence,

protective devices~ wh~ch only part'ally covered the extromItIts were

rwdeled to na,. coverknS' them at. all (dbv~ces ,4urh as the Medalist Ski

Shorty and ýI-VIC twhermofIloet).

It Is certainly possible to iwdal this sitructites In moer detail. As,

for example, Gordon'\. moJel doadý This affords :)no the caipability to

morw~ ac~curately doscr!b#n the physiair: structuire of the dovic't to be

evaluated. One wou'd expec~t .his to load to atuch more lai1 prodictleis

from the model.

No mode: thu3 far reviewed has the d&aI. In the pltys'cal system~ t~o

allow adequate description of fiotcti'.r astti'tvd.. The Inability Is IWnrernt

In the modelinug philosiphý,' adopted hy a'!. authors. Specifliczly. each

body elemk.nt has been modalca (ý Aithor a cyllntdorr or a sphere. In order

to JPrive Ci~e differeotial equations drmcribing heat --orduct ion within

'zylindrical hoC~y ilements, a O~mplifyirng a."ion has been made: all

hep': trurafer Is rad13: and uniform. To model an elfM61nt partiA~ly exposed

tc, air w~ould n-7 sitatm considerA~tlor of ýongltudlnal hoeat trnnsteý'. 'the

Ciriv~tion of modee equations !ncludmng V'ss cosdesion would iot be-

easy,

hth changes necessary to give ptoper conslderat~on to fk'2,.jt'on

attltude In the mod~el may mot be n-Acessary. iý. have seen that p~rts of

the legs, arms and trunk are expos~d to a~r for soti~ v,-Its (Figure 1-1).

In rough sota or othe-. open water cond!tlors the cont~mutil -c-sh,, of water

over surfaces expoted t%, the air should rot'ý, In a rat- of heat Ics% very

similtar tc, that w'ilch wo'lJ occ-ir tF the isurfi.ct, wai ccrntlnrvolly covercod ýy
watt,. UnJer this as-r-'mpizion, tho model's pretdictiuio of ciooling ra,%e r'ay

be very much In 11ne with reality for thes.z cypes of protactix-. devices.

No i~ethod has heen lrzluded In the modif,'d ?4ontgomeory model 'or shfiu-

liting flushing In wet-mod4; svits. Flushing Is belleve to do two th~ngs,.

First, It pfiriodl-eally places a :arge amouint of cold water betwieen suit

and skin thus causinv3 a rapid hrat !03S. Second, the water 6cts as additional

Insulation, )nce warmed, hetweer. the subject and h~s environment. Littlis

Is known of the dynamics of flush~mg and no ottempt was Imada tc include Its
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o•facts In these simulatlons. In extremely rough water, flushing may

play a slgn;Hcan'; role !n increasing the rate of heat lo~s.

Fir~ally. as was poInted out Iti Chapter 3, a more accurate, repeatable

mezt.od fc.- detarmfnfng dev€r; conductivity should be developed. The
i irathod sugqeste4 in (4hap(er 3 h La (Jeen seen to work w ll. it provides a

direct measure of conductiv!ty obtained by testIng the divices In the

wet. 'festing the naterials under dry conditions Is not recommended as

many devices contain In their composition porous materlals whose thermal

propeie;*5 are dtlferont In water than In air.

VWhile may refinements may and should be made to Montgomery's model,

Its abl-ity to puss a significant number of the palred t tests Indicates

Its potential usefulness for predicting cooling rates and thus survlval

thImos. The model could, with the present modified controller, perfiips

be used In screening devices prior to In vivo tests, In the long term,

a modified model with ,mproved physical definition of the Uody, provisions

for simulating flushing and v more accurate controller wouid be very useful

in the suit design and evaluation process. The physical systom modification

can be accomplished easily. The modification of the controller may require

additional human experimentation.
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APPENDIX A

THE WINTON MODEL

(MODI FIED)
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This model Is coded In CSMP, a FORTRAN-basedgeneralizedcontinuous-

systems simulation language. Tne listing Includes data required to

simulate a "normal" man defined as 180.4 cm In height and weighing 73.4 kg

with a surface area of 1.831 mi. The model Is set up to simulate Immersion

In a full body suit with thermal conductivity of 0.499 kcal/hr .m .*C and

a thickness of 0.00631 m (1/4 In.). The following table Identified the major

variables of the model.

MAJOR VARIABLES OF THE WINTON MODEL

Symbol Definition Units

TC Temperature of the core 0C

TW Temperature of the water 9C

TS Temperature of skin 0C

SKDEL Deviation of skin temperature from set point °C

HE Evaporative heat loss cal/sec

HW Heat produced by the protective device
(if applicable) cal/sec

GA Conductance of environment cal/sec-*C

GW Conductance of protective device cal/sec-°C

TE Environmental temperature "C

A program listing follows with Input data and output. The model

is set-up to simulate a protective device 0.00631 m thick with a conductivity

of 0.0499.
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LABEL TiIFR41RErULATIt)N MODEL
TtfIS RUN TESTS WATER IIMFRSIOIN RFSPONSE OF Po('U[

*TS~id-kML ANALOG O)F ý-ODY
TC=INTGRL (ICTC,,-(GV/CC)*(7C~-rS)f(HC/CC))
TS=INT(;AL (ICTSo,-(GV/CS)*(TS-.TC)-(GW/CS)*(TS-TW)-(HW/CS~r))
TW=INTrRL (ICTW,-(GW/CW)*(TW-TS) -((A/CW)*(T'w-TE)- (I4/CW)+(HW/CWý))
* FLEDFIOACK STRUCTURE
LI M=COM FAR ( 33 .0 - TS)

SKDE L. TS - 33 .0
WLE DLAG( 14 00. ,2 0C.. SK DEL)

SKI NFU=SGAl N * W 'S L I M
CORE FBCCGAl N *T C
TRA=~TRCF-S< INFO3
ERRO0R=TRA -CO0REF B
*CONTRIOLLE R FUN CTIONJS

GV=A FGEN(CU HVE2,E RROR )
HSA =AFGEN (C IJRVE3,FNROR)
fnC = SIS
UL31 b fP UCG (3 # 4000 .)
DF3 2 1) 1 -1G (5 ,6400u.)
D8 3 DF (iI G (5 1 hOC'.)
* T H IS C IRC UIT PFZOVJS:ES A STEP CHA'4G[ IN TE AlTi 1Mro sEC
Y = S FP ( 1 -JJ . )

* )ATA VALUES
* J'4ITS T14E IN SEC, TEMP IN DEG C, H IN CAL/SEC, C IN CAL/PEG C
* J N'IT S 6 ,(<.oR I N CAL/SEC-DlUG C.- S IN DEG C/MM HC3, V IN M /SEC
11NC 0 ) T fT C= 3 7(.-I CT S 3 3. ).-I C TW.3 3 .)

PAR 0 t' C C = 5 8 G.C0. CS = -'JG .%,, C , =53S f)
I A RA N S C-A 114 =0 025 oC GA IN =1 . JTR E F 37 .1
PA RA Mi H &=f.0.CHW= G.0 G;A =13 U , (ýW15.2 5
AF 3F C CU kVE 2 (1 0,10 3 5. ,-. 5o,35. ,0.o, 5.., 1 C'00..5.

MCT HUD :,KS
TI~ 4 1k FLT=(J .1.FINTIM=9 K)C.O,PRflEL~lCO.0.OUTDFL=1 VO.0
PR TPLITT E:( 3 2. ,42 .o,TC ,T S TW)
FR TI LIf T F(32 . 4?,H C oHE)
END
STDP

IOUTPUT VAR14BLE SEQUFNCE
SKDE L ?ZlýJ6 W SLIM SKINFP TRA CDNEF9 EPR3R GV HSH

$4C ZiZ1'gj1 T C Z Z 1) 1 ITS y T E ZZ11J 0 T 7 1?1.,')7
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B3LOCK DATA
COMM ON/Z ZFD AT/ F 7f)

I /ZZ tiIST /KEEP.,NAL-ARMIZ1VM 'Clr,IZOOC1,ti ( 15)
2/ZZISTO/I( 40)
CO4MMON/ Z 7 ro I N/NP(16)
INTEGER NP'/ 40 40o 15e 27, 3?, 39, 54,, 5

1 , 53, 53, 1% 3, 78, 0. 1, 4/
COMMON/il SYMB3/Sl11 40)
IRFAL *I Sl 1/ 'T 1M E Zz
1, "I MEDE LT'' ZZDELT' D EL'4!NZZ t 'flELNFINT ',*IMZZFJNT "PPDE L ii'
1,'PRDEOu~rD',EFLZZOUT.',D ELMAXZ * DFL~XTC " , TS '.'TW ii'
1,'10CIC710' 'OZZl0r'3','IZIC52l1,11VC361CTC`,v I CT S ',ICT U'
1 10 r9CC , * CGA1N ',C S CW' G A G, W ,HE[ H
1' SG3 A I * rN TREF ',C UPVE 2CL,'RqVF3CORE ,FBD91 ,DO3? V3

1,' TRA~ w ''

A- 3



SUBROUTINE UPDATE
COMMON TI1M4E

1.ZGC,DELT #,ZZDELTsDFLMINZZDCLN.FINTIM,Z!FI NT*#PRDEL , ZZPRDE
1vOUTDICLlZOUTDflEL'4AX,-Z7) ELXTC ,TS , TW PlZlC,73 771j01l
1,ZZlCC3,?Zl0G5,ZZl0V)A,ICTC , I CTS ,I C TW , ZZ 10.9 PC C oCG AI N
1,CS , CW , GA , ,HE H PSSAIN PTREF P C R V E2
)oCURVE3oC0REF3,D!1 PDS2 PD03 PERROR .GV .HC PHSH
1,SKDEL PSKJNF8,SLIM ,T F j,TRA ,W o

COMMON/7? MIST/KEEP,NALAR4,17000CO,IZfl'O1D
REAL I CTC

1 ,I CT S I CTW
REAL*1S ZZTIMF
EQUI VALENICE(ZZ TIME TI ME )
GO TO (399~95 39996, 3999 7,3 9998).1 Z~ooUC

c SYSTEM SEGMENT Of MOIPEL
39995 CONTINUE

G0 TO 3999,?
C INITIAL SEGMENT Of MODEL
39096 CONT INIUF

SjO TO 3991ý9
f DY'AAMIC SEZMENT OF MODEL

39997 CONTINUE
SK DEL=TS -33.0

SLIM=fOMPAR(33.CpTS)
SK IN F=S'AI N*W* ýLI.4
TRA=TREF-SKIK'F8
CORE FB3=C(`KABf4TC
ERROR=TRA -CORE FP
3V:-AfGEl4 ( 1 ,CWR'Vc72,ER POR)
HSH=AFGEN 6.C1) V E 3 ,~ F ROR)
HC=H SH
z z1 11 z-(GV /C C *T C -TS )+(hC /C C

C T C =IN I 5RL (1 CTC 7 7 1tCc1 )

C TS =INTCRIL (I CTS Z Z 1"(13 )
Y:-STEF( 14.,1 FK1'. )
T=F CNS ( Y,37..37.o 1 .ý)
171 C15 =-(G;W/C4)*( TW- TS)-(GA/Ci. )*()'%.-TE)-(HF/CW)4(141,/ (V

C TY=I .N T GR L I CTW )71,o
11 A L 7 = I N T'( z 1k" 9 ,Z Z1 C 6 )

08 1 fnFBU G( 1134G)
DL1 DBLJ 7 ( 12,,3 P 64,'0
Dnl=oEFiU3 153,131Voflt).)
GO T 0 3 999

C TEkMINAL SGMFNT OF MOELFL
39 998 C AN T I JF
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THERMOREGULAT ION MODEL

8.000 '0' -TW 40.00
16.00 'X' -TS 48.00
36.00 '*' -TC 37.60
32.00 '+' mTE 42.00

TIME TE TC TS TW

S2------------------- ----------------- ------------
2 2 '* p, * I 57 "1' .u%1d '5.151 '1S. r •

" ., ? 2 3 7.?V ..h6 b 6.l6

II4, .,q I 2 * X * 2 2 7.1:' 3•,'.3 95dt
"" ~ ~ ~ 7 ,7. ISP . ", & :4 F I•,•• nc • .E

',,"." 2 2.t I * 2 ) 3?.1?e 3e 74. *l ~ e.
" .. P .* 0 .(9 .".1S' f•.S6' 3 *91 &

7' 3?.' 5 .• 2 1 2 .1 0 2 ?.I2,e 36.9'E, •. 5
1 ,1 3 .* I------------------- ....-----------------------..-----......-- - - ... 3 ?.2"~!• • •( 11.. •3??
11, .'?. , 2 4 1 * 2., 37.Ž'33 3/.('?.,• .•

;?7 3'." 2 ,, i z r ", -. 3.*"'. 1 ?i' .

* 3' 7. 2 2 , C 2 37.?,Q 37.1S• 37,. '?
2 2, *7'., i C' 2 l 37. 1•17 3)* t',. ,r ', .p

1, ~ r 21 2 C 2 5,~A37.1, tO11

12 2. *:' u * C 3'7.171 3?T.?42 37.121.
11.'• , , I 2-'0 1 .42 3,'.3 ; 3 .1. f
1 iC' 2 3 2 2 * 9 . t,. ? 6 9 1 9 . 1 J

-1 ---------- C - - - -.------------------ 37.37 37.V77, 1625

S. , ... .. .. .. .. ... . . . .I .. * . . ] 7. .

7•... 1.i• " C, I * 2 '•?.V1' 71.1" ' t?.['1r
73• ,,.12. -2 * 2 • 5 .Z 4 " 2 .15' 1'1.,...'

.. ' I 2 *2 7.173 ¶ .4('.8 51. 1'S

.•, .1 . •" "0 .* 2 1 .. 11/.6 l .4 t1

7, ° .,: 1.d? - 2 , 36.8'1 117.993 1 1.C?
2..*.". . 39.714 16.1' 7.735

3 ------------ ----- -- -- -- - -- -- -- -- -- -- - --- ------- -------- 2 '.31 .725

31 _..1 ' • * 2 '.52-• 1, .. ?) .',5

I 2•. 7. 1 ,3 1 6.3 74

33: o .'•; C . I 2.3,S • .21"" 9.5131

3?.t 1.tP I * 1 ? 1. I' I2 .Z19 .c

3)"": t.$' " • 2 2 #.?f'• 1,.127 . ,•

41~~~~~lf.9 1. • ' 7I (?7 ' .?',, 9.3

.• 1 *P .2 2 . 4 16 .1 4.

1i'÷..!': 2 2• 2 2 #. *' ''.1 .'1 9*43 .

4? 1',' .. ''F', v r .. 2 2 2. 1QI leI•.1&? .$ 1

43 L , 1.. * 2 X 2 2 2 1'.1'" 1,'".I" 9.$"I1
IL "I . : ,, x •- * 2.. . . 2 . . .. . . . l . . .. . . .. . . .. . . . $'.l7 r" .17: .9*,.71.•4

* 415 .r. 1.i .. V t * 3 36.15? 12.(9 .1121
4?'". I.'[ ir " 2 2 '.'s ¶e I•.,r)& 7,113

- -- -* 2 -- 2 -6-• .-f•0. - " 99

,&. .) ,, '•') 1--.- - 2--------------------------------- '213 1,e*(9P 9%141)•

52ls- 22 30.3Q " A.321 ~ . t

I5 1.I' e .* " 11 15. 1e.( '.

3?~3.3 16 Z.6 ? .59s222 ý7~ 1i1

I ' 22 !. ' 1 6 1t .' 7
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THERMOREGULATION MODEL

-1.200 'X' -HE 1.200
.0 ', H -HC 100.0
32.00 '+' -TE 42.00

TIME TE HC HE

J '(.) 7.L'* N • I 1i.{,r .2

13* ( 0 N N r1 .2
1 ? .N. nI I i* N N N .Nn .2:

37.LC N* NNNN i

19?.u:. C NI * N N N "'I .3

37.•Z:t..N 1 N N * N tN'*'.

1 3 ' .. 7 * . N I N 7 .7 O • .I)3?.• • .',. N * N " ..•Or .?

N .* N. N . "N i '. 7'. .4

311.: I.-(0 N * N* N IN.191. .3)
• "' 1.hIU 2 * N N 1N'.'OC .

I....----------------------------------------" - - - ---------------------- N U4

I '1.at c N1 , . 191 .3
41:'• 1 *.P,,:' N * N N &?.T?, .2

5 ,..1.M'•Y ? N N 94.OP .2*

1i •'.')I C.(• ,. N-N N (-5.94o

N'. ' N N " .( 9 .3

'1 , N NxN 1 .-. c A
$31 • .3OO9 N I* I 61.191 .2

.4 1•.NNN N •9. ?f,' . )

33 1.1 I . N € .'? .9

1 t" ,O N.NN , * * 7t99., .2

31 ,,. 1.'.VLN, N * N N'6.'.'5 .3' •

1r '. N---- 49. ?' .9
%1N'.> N.N . * N* 9.3.1•, .2'-~ - N - N - N -- -- -- - -

53N NN 951. .2
42,10~~~~ .2 NF CP. * N~.

'.7~Q ... f * h.?

'.~ J-O tN,> NN N *N 9?. 4.

49>2. 1.J.' N N*N 9A-6.



APPENDIX B

THE GORDON MODEL

(UNMOD I F I ED)



This model is coded in standard FORTRAN and has been run on an

IBM 370/168 and an IBM 3033. Run time on the IBM 3033 is about two

CPU minutes for a simulated experiment of three hours length. As stated

in the body of this report, the model never performed properly. The

only modification appearing In the listing was made for ease of Implemen-

tation. The following table lists the major varlabi•.s of the model.

MAJOR VARIABLES OF THE GORDON MODEL

Symbol Definition Dimension

C (N) Heat capacitance of compartment N kcal . *C

T (N) Temperature of N 0C

F (N) Rate of change of temperature in N 0C .- 1

HF (N) Rate of heet flow into or from N kcal . h

TC (N) Thermal conductance between N and N + I kcal . h °C

TD (N) Conductive heat transfer between N and N+I kcal . h

QB (N) Basal metabolic heat production In N kcal . h-

Q (N) Total metabolic heat production In N kcal . h

EB (N) Basal evaporative heat loss frcm N kcal h

E (N) Total evaporative heat loss from N kcal h-

BFB (N) Basal effective blood flow to N 1.-

BF (N) Total effective blood flow to N 1. h

BC (N) Convective heat transfer between central
blood and N kcal h

HC (I) Convective and conductive heat transfer -2 I -I
coefficient for Segment I kcal . m h .

S (I) Surface area ofr Segment I m2

HR (I) Radiant heat transfer coeff. for Segment I kcal . m 2 . h- C

H (I) Total environmental heat transfer coeff. I I
for Segment I kcal .h GC

-I
V Air velocity m . sec

TAIR Effective environmental temperature 0C

RH Relative humidity In environment

TIME Elapsed time h

PAIR Vapor pressure in environment mm Hg

ITIME Elapsed time min

Interval between outputs mi
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Symbo. Definition Deti s e on

LIT integration rtap h

P (1) Vaqoor pressure table from 5 - 50C ,nm Hg

.MAX (I) Caic, mAx. rate of evaporative heat lois
fiom Sogment I k-aI h

WORK Totol metabolic rate requireat by yxerclse kcal .h

PSKIN (I) Saturatad water vapor pressure at skin temp. mm Hg

"PSET (N) "Set point" ir reference point for receptors

ERROR (N) Output from thermcreceptors Ir, compartment N JC

RiTE (N) Dynam!c sensitivity of thermoreceptors In N h

COLO (N) Output from cold receptors in N c

WARM (N) Output fruti warm receptors in N oc

COLDS 'nteorated output from skyn ,old receptiors 0C

WARMS 'ntegrated output from skin warm receptors 9C

SWEAT Total efferent sweat command kcal. h

CHILL Total efferent shivering comnand frcal. h
-I

DILA ," Total effarent akin vasodllatatloi command (. h

STRiC Total efferent skin vasoconstric~ton command N. P.,

SKINR (I) Fraction of all skin roceptor¶s in Segrwnt I N. D.

SKINS (I) Fraction of sweating command -pplIcabte to N. D.
skin of Segment I

SKINV (I) Frailot, of vasodilatatlon cnnwinaný applicablo
to skIn of Segment I N. D.

SKINC (i) Fraction of vasoconstriction command applicable
to skii of Segment I N. D.

MWORK (I) Fraction of totl work done by muscles in
S.gonent I N. D.

MCHIL (I) Fraction of total shivering c:curring In n-uscles
of Segment I N. D.

CSW Sweacing from head cure kcal . h .I

SSW Swcutlng from skin kcal . h O.C

COIL vasodlia:at'on from head core i . h .C

SOIL Vasodliratla n from skin I . h .C-

CCON Vasoconstriction from hoed core

SCON Vasoconstriction from skin °:-I

CCHIL SrIvcring from htad core kcal . h C

SSCHIL Shivering from skin kcal . h .YC

PSW SGeatlng from skin and head core kcal . h.C
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Symho I Definition Diernns It)n

PDIL Vasodilatatlon from skin and head coe I . h

PCON Vasoconstriction from skin and head core OC-2

PCHIL Shivering from skin and head core OC

BULL Factor determtning temperature
sensitivity of %weat gland response C
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-,~~- 'I rVv"~ p

C (> <"

C <> * * < a * * > k a

C <> <* * * * * >

C <> C>
c < >4. >< ><>(< <><> > ><,<< > < > <ci,< > <•<• <•<>><< > <>ý >

C
IMPLIC I T RFAI.*S (A-ýf,O'.ý
I)IMFN4SION SOLO 00 ".), 3),PItYN( ),l M Y(1(),

• AT 0 4., 2 1 )o,1N 0(-4) .(IEo( ;4 IC-' 1 ) o.V ( ?14) ,YY ('34,,21 ),FPS 034

• Y.•P (34,#11) , DR( 34,Y) PR( 34,21 ),-V(34.?,?I),-V.T(34,9 ý.-A C ('

*4),-RHO (34,,) ,C (P-,,9),AK (34, 9).flM(34,2.),(CMET (34,9), V
* EP (34, 9 ,1AIR (;4),A ( 54#•? )- 34, ?0) 0D(3 , ) E(34,•.r.)

e T'{34, 2 1 )I 1){0 ý, ) ,TVt N ( 4),PUAe.310, V[L•(•4., •12•

* rNGR(34,7), F1i (34 ).-3(34,p ) ,BFR(34,0) ,TV(_i4 R M 3
*4 .),COL D (34) , FLO.X ( .54),E PROP. (34),SK]INR (34),SKI Ms' 3 4 )
• K I NVT( 34) , SK I :C ( 7) ) , 4f)RXM ( 34 ) , CH 11, M ( 14 ),*EB (34 ) ,FS F T(

*4 ),"PSK N( ",) , T 0 (" 4,# )I.,r. ATr 1 =C;4),TO [)(.334 ) , t' ( 34 ). ,EM A X

( ( 4) , A NAI'll (3 , 3), 3 ) K ( 31 ) ,I' U (.4) - F W rR 1 (34 , F COL ".. ( 34 )

COMMo4/ I NV/B*i/L 704 R/DR//L V/V/LvVT i / I A C/AC /LRHo/PIi
*OI/L C I: i/•L/AK/ AKILM/I /LCMETi CME T/L VEF/V F/ L TA R/1AR/L LH
*L V ;R 1110 .CB, T AF P COA/r IA C CO 0 !•D, / C OF/E/ ~t. T/ T /L. I DI/NtI ?o

e I[ SPPH.F R -ftIM S.- I S rN'OP , I D /LTV " Ni 'V[ N i L[tA /tVA /LV CLI3/ VFL V3
/ 1I / Al A/LEN(,RIL NGP /t. FBT /CRIT/LQB/08 /L8 Ff)/RF4/L.T!Mf /C 0

F , T !ME• PFWR IT 1' .I iV /T VILTO0TIT DTV,,TOT A/L.W AKM IWA RIM/ILCOL.D

*/( ( LD/ L F/i f/L kO0R/ER R)R /I.SK I 'IR /SK! 0/L SK N S/ SKIN S/L.
÷K TrIV/S K I NV/ L SK "I/".• •C / ý,< k , 00P KM WOR K I/L. C4 I L Mf CH Y1,M/ L

R R/FB/LHR/HR /LH r/HC/LPSK I N/PSKT N ILTQ/T /1 P AT r /P RFt/FL 7
•OLD/T1. i /L E /F- iNLE 6UX.1E MAX/ L IMU /IMtI/L FL. IX /FL. EY /ST( 01

X X/TA IR p 'IL,-FHWO RKrFCME T r CT3 L. 11"t.NAM E/itA14AMC Ik FK / ISK/I

ST01( IC SWt,SSW,F'S ,We D I , t DIt * I'D1 I ,aCCO . SC'1NPC ON.CC 11L
*p ,SCH IL - PCHI L oPtILI., Aý11lP CO/1L0 TEN 107T E t}L/t FSf T if ',f Ti/L FH t-1

• M/F.W4P.M!LFC OL / )CL.L IL Q TPL/ CT PL/LSTOPP/ST 0i11 T/LMUS/M
*US
LO(,Ir.AL. tfjYF L

c <><ý"<><><><><><><><><><>t,><<><><><><><><><><><><><><><,><>

c <> <>

c (> INPUT AND OUlTPUT OF" MODEL S31F.- MATERIA•L. AND <>

C <> NODAL CONF S!,'W A T tON. <>

C <> <>

c <><><><><><>,:><>,ý><><><><><<><><><><><><><ý'<><><><><><><>

C
DATA t I FE eI ZVHs'i Q-, .4T -I D A/ .r)[.,.•j, 2-('j n, ,n. n,. 3

VF AD (• ,t e1 )1T1 iOST, IS I"-I ER, (IS
61 FC•RM 7' {F 16 .,. 7 ,- 21 5)

'soF 1 •, 3 11)T I PPS T oN 1.1 -IS P 4E AVil S
'31 fORMA T( 'I T 20p,'EX PEP.IM ENT DUR AlTION e' , IUJ. 7 ,s 1HUIIRS.

/I I T20,v 11 T'P.fA Ntlr$71R orF C.ODY FLEMEN TS E QUALS 1', 5/ T2 0



*.TOTAL NUMD~h~ Of SPHERI CAL. IA EMENTS EQUAL S 7'15//TýrJ
orOCY7REMITI(f-,STAH( WTI NRFODY fELFMrINT :'15/)

32 FORV Ai T( 40 1 ')
IKE AD (1 o 33) (1 DIM )P -mls r 34)

.3 F0 ;iAAT ($ý,19)
DO 25 M~1,NU.'
I H (I A(M ) .N E.OG) NO0 =Ij

?5 CONTTIUE

133 FORMAT(1615)

35 F ORM AT (18A4 )
W RI T E (3 o34?ý(fMeIXA ( M),I DM4)vA NhKE (Mr I),eA NAM1A rZ4 2;AN AWOF(

3 4rt. FuW (Tf?0Or' FLFE''F NY S Y WE T P I C A NO 02,1 ) X.AN AT'
'*'I)CtAL C CHF (KCAL /H R!IiE C MPIVCL E'/Td??NO. %~

*' ELEMEN1 DISTRIRUTIOM NAPF EFo
*1 Ago '3)I STRI PUIT! ON '// 31,(1??.! I?2733o I 2#T4;' r1IV) ,1571 -ýA4, T

C
C <(> < >(<>C<>)>>< <> <C> <:%<> <> < <> <> > 2<: > < ><> <> <>c >C<> ><> )><>
C <C> <C>
C <C> INPUT AND WJTPUT OF GEOMCTS1C SIZES", flASAL B0,flY <>
C K> PARAMEKi RS,- AND 300t4DRY rOIND ITIONS. <>
C C> 1 >

C <>C <><>>< > >< ><>C<><)<)C > <>C><><><>< ><> 4C)<)>(>><)

CALL S EOMRG 4GEO PNUMo4 2)
WPITr( 3,660

%,6 fORMAT ('1%T2), 'BýC (11V CONVECTIVE H.T. COE Fi . (CAL'
*'/So.CM/HRIDFC0a;TZO.rpFs = EMISS1VITY*SHAPE-PACTOP
*'Q1..f).'/T21,PURC(3) =TcVMPERATURE Of COVfVT IVE ýWVi ,
*'PONMEN1 (DUG CFNTIGRAOEPI/T20.OPC(4) =TrrPIRLTPRE
*'Of RD IATIVE EN-VIRONMIIT (DEG CENTIGRM4E ) '/ T? 'I ''-C('
*.7) =INITIAL TEMPERATURE CHANGE PERMIt,sIt:'LE AT END o,

*'Ot ITERATION (tDEG CFN'i1GR.%nF)'i/T7,'-UrLEMENT C
*1 ) FPS BC(3) RC(4)B 8C( 7)
D0 22" ?- 1NO P
I F (ASY FL(M) GO TO V"
RECALV'01,67) 9 CL(M, 11 ).FPS (M1,38C11¼5);C 1f(P44),FPCC1i,?

67 FORMAT ( 4 F 11l.5,1 >, V1 9"
WRI TF( 3P64) ANAM F (M., ) ANAMF (Ms? )o-AN, ME (M, 3), VC (Me 1

*jJ5 (M,6Cr.3PPC(r4),c tM. 7)
64 F ORM4AT (r X,3A'r1 Y -5f 1.)

UC (P,4)43HC(M 4) ?7 3. 16
08 CONT1JUF

WRIT~F 3.6$)
65 FOR'4n1 (///fl1Cl,'IRHO = ENS T Y (Gt~iCUU'1IC CM) 1/1so

*' F'C!FIC M¶AT (C PL/CMi r.¼) V 11J0 '2 tk CCI'JD irTI VE I4%
*T. COvEri I:Fr.,T (CAL/U1 M#HI'/ !J tPt Il 5 'C"ET 3AISAL Ip

*'4ET A81.7.SM ýCýL /;IlL .0/T10, V3 =BASAL PL10(0D t%.Oý (,



*L/N )'l/T6Pf~f E4T MATL NO. H ',2Y " 'p Y

R~ 10 O = .r,

Im U~ syFL(m 0 12

CALL DEFSPG(MPLMATN0OLd PIZ)
IN~D ( M) =NODE.

H MI GP~ 2 )S , FVAl) AqJ r 7(~F 11

DO'lli JxloLMjAT

RH1rCJV=RHOCPV4RfIO(1,.J)*C(M,J)*V1(M,,J)
6? FORMAT( SF1 #'. 5)

P F ( h. J)=VE9flm.J)

1 1 WPITF( 3 , 63) ANAI0,E (M., ),A N AM E MP4v2)A NAM F (M ,3) , ,Ho (mJ)

A HRI R=R(MN0FlF)1Df(MPLMAY)/?.
H C ( , 9 ) -R ( M, L M AT /K (V#L MA T) / A C( M)AVP* A PR 1A PR R/ A lR R
GO TO 12

in EC=AC (M)/?(MpN0Df*)

12 CO)NT!140[
WRIrUM,7.4) 67

74~ FOR~MAT ( f/T?%, 'TE TOIAL V40DY WL-1G0T'/T120 'EQUALS -5

C
< ><><><>)<><><>ý><><(>(><><<<><:<)<><><><><><><><><>Q<><><><

C <> CALCULATION OIF CoUfFICIrNTS FOR ITERATIVEL ROUTINE <>

C A'LL C (It fRG1~.1)2FOPMAT 16V5.Cf)
READ(1 159) TAJP,VL,RHPWCP(.DINT

Do 3`12 r.= ,N0OP
IF(A'%YFL(M)) ri0 TO 3172
I M = I W 1

RJC(Mi4F )R H
0 C ( M 5 ý: 1

3 1 C ON~'r 0E



C <> <><><><> <><><*)<><><><><><<>< ')<><><><><><).<><> <><><>< ><>

C <> <>
C <> STEADY STATE TEMPERAT URE DISThl BUTIO AND FPODY <>
C <> PARAMETERS ARI' CALCULATED AND PRINTED. <>
C <> <>
C <><><><><><><><><><><><><><<><><><><><><><><><><><><>,(><>

C
CALL STEPRG(YY&Y)
WRXITE(3,73)

73 FORMAT(/IIX,' THE ARTERIAL PLOOD TEMPERATURES ARE A',
*S FOLLOWS: '//)

r
C < ><><><>< ><><>< ><> <><><><>< <>< ><> <><><><> <><><> <><><>41 ><>

C <> <>
C <> INPUT AND OUTPUT OF CONTROL CUEFFICIEW1S <>
C <> <>

C <><><><><><><><><><><><><><<><><><><><><><><><><><><>"><(>
C

I M= )
DO 15 M=1,NOP
IF(ASYFL(M)) GO TO 15
IM=TM+ I
LSK=ISK (M)
L=IND( M)N
FSET(I M)=FLUX(IM)
DO 5 '--IL

5 TCO(M,J)Y = (M, N)
TOLD ( M) =T( M,L-1)
V4=VB+ VT(M,L SK)
A T ( 1#,1 M )= AR (M - 3 . 16

15 CONTI1UL
CTOLD=T(1,1 )
WRITE( 3,62) ý AT I o! I. M) , IM=I,-NUMS)

RFAD(1, 103) S1OPIT
WRITE(3,24) STOPIT

24 FORMAT(//T20,'SSUCCESSIVF IT-RATIVE TEST EQUALS ==>',t5
*.4)

103 FO)R"AT (16F5. )
RFAD( ,1 C•3) (SKINR(IM),IM=l,%dUMS)
RFAP (1 -103) (SKINS(Ir),IM=1,UMS)
READ (1 103) (SKINV(I I),IM=I,%J UMS)
Rf PD(l,1r,1)3) ( SKI N f(IM ) , I "IpMUM S)

READ (1,103) (WORKM(I'4) IM=I, NU. S)
READ 1,1103) (CHIL,9(IM),IM=1,N*iUIS)
WPI TF( 3, l,4)

11)4 FORMAT ('11I // I EP=CALtHr'/' FLtlX=rAL lR/Sq,, C14 'IfT 10•,

AlFNVIRONMENTAL COEFF.',T30,'WFIGHTING COEFF ICIENfS '//
*6X,'CLEMFNT SK I rR SKINS SKINV SK INC sO k',
*'KM CHILM',10X,'FLUX'..11X,'EsI)

IM~W
Do 115 M =,IJP1P
SIF(ASYFL(M)) T0 15
IM=IM+ 1
WRITE(3,1(P?)ANAME(MI),ANAF (Mr,?),ANA[Et(MI,3),SKINR(IM)
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*#SKINS( IM)o SKINV(IM) SK TNC IM) PWORKM( IM)o,ClH LMCIM),i LUJ

11)5 CONTIVUE
1 7 FOR tIAT( 1X#,3 A I#* Xo6F7.4 fE20.cof7 .0)

PEAD (1,,110) C ,W, SWPSW,CDI1L SD 1L,PDIL, CCON#,SCO4I,PCON,C
*CMILS CHIL, PCHi I.,HtJLL,ABL,Q T EI,QThL,PCO

110) FIDRt4AT( 6 F .3 )

*( CH I L.- S CHIL, PCQ1 I LDIULLP ARLP 3 1F N QTPL,PC 0
11?t FORM¶AT(15( 1) ,lXT20,-'CONTR~)LAEH Cf fFJCI(IE NTS /M/T?5,

*I CSWJlF9.4, IKCAl-/HR/ DEG' /T?5o,'SSW=,'F9.4p 1 SQ.M I/T
*22#1 PSWm=¼F9.4,' LII FR-SQ.M/KCAL'.'T?5o,'C DIL--'.F9.14
*, LI TFR/iR /DEG1/725,.'SDIL= 1,FQ.4, I L.IYFR--SQ.MIKC A'
*'L'/T25,'PDlL=',F~9.4,' LITER-SQ.M/KCAL*/T25 *'CCON= 'PF
*9 .4.- 1/DEG /T?5, SCON=',FO.4, ' LITER--SQ,l /KCAL'/T25
*,'PCQ4'J,F9.4,' LIT9IZ-SQ.M4/KCAL'/T25, 'CCHILý',F9.4,?2X

*, KCAL /lR/DFV'/T?5, srH IL.' o, F9 .4.-' SQ . ' /T25 ', PCH I Lz I
,F9 .4, ' KCAL/lIR/SQ.I)EG 'iT25.-'BULL= 1,F9.4. l 1/DEG' /72

*5,'ARL=',F9.3s, 'LITER/j.)r6fHR' /T25.. 107F4=1,F9.4,' 1I,

*I1/ C AL ' M I)

csw=csw*Viom0.

PSW= PS W*10(0pV.
CDIL=CD L*109C).
SDIL=SDTL*V'rfl00.
PLV1L=PDlL*ICU'f)0.
SCON=SCONl*1Q0LC0.
PCON=PCON*I010,'9.
CCHIL=CC Hl *l100.
SC HI I SC HIL *1 'ý 10.
PCHIL=PCHIL* lfr(r*
A9!1=ARL *I000.
rC TO 44

C <> <
C <> INPUT ANP OUTPUT OF- TRANSIIENT <>
C <> i3OUNDIRY CON~DITION~S. <
C <> <

RFAD(1, 1SJ) TATJP.VLpRH,,W0RK f)JNT.-AItC.I DA
DO 202? M=1,N(jP
IF(ASYFL(M)) GO 10 2n2
IF(IRC.NE.1) GO TO??2

IV(DAEQ~l)GO TO ?3

13 FCýRMAT(F5.4,#FS.?,Fh.4,Fe-.4,FA.4)
H3C(M,l) =FPS (M)*AC(M)*4.R756E-9
BC CM,3) 8C (M,3) 4273. 1L
GO TO 23



22 RC(M,8) =RH
PC (mi,3 ) =TAT R +273.16
BC(M,1 0)-=VL

23 BC( M,7) =1JOOOOOOO)01
BC(M,5) =DINT
PC(M,4) =PC(M -)
VC (Mo, ) =[C(M,,l11)*A C(M)* (PC(M ,10)/. 10)*40.5

232 CONTJ 4UE
C
C <><><><><><><><><><><><><><<><><><><>e><><><><><><><><><>

C <> TRANSIENT PETERMINATION OF TEMPERATURE <>
C <> DISTRIBUTION AND PHYSIOLOGICAL PARAMETERS <>

C <> <)
C < ><><><>< ><><> < <><><><> <><<><> <><><><><><>< ><> <><><>< >< >

C
CALL STEPRG(YYY)
TIME=TIME+8C (1,5)

44 10=10+1
IF(TIlE.GE.TIMST) GO TO 82
E TIME= T IME*6 0.G0001
TPOOL=TARP-273.16

C
C <><><><><><><><><>ý(><><><><<><><><><><><><><><><><><><><>

C () <>

C <> OUTPUT OF TRANSIENT PHYSIOLOSBICAL <>

C <> PARAMETERS FOR EACH TIMEI STEP <>
C <> <>
C <><><><><><><><><><><><><><<><><><><><><><><><><><><><><>

C
WPITE(3.40) ETIME,T00L, ECF T

4,') FORMAT(/fiX, :TI;'E EQUALS 1,F5.1,' MINUTES' IX,l'ARTE

*'RIL POOL TrMPFPATLIPF EQ|I'LS ',F6.3,' I){1G /1X.'RP
*'SPIRATORY LOSSLS EOUALS ',-3PF6.3,' KCAL/HR'/)

WRITE(3,42)

42 FORMAT (8Y,'ELEM TC 'RE TSKIN INVAL RBEC BLHTR
*6 MFT CONV RAD EVAP SHF TSF QCC

T FLUX FOT FOOL')

SC]UT (1 Q .I )=F TIMF
SOUT(I ,0 l3) = C.
EWET=O . 0
SOUT (I G, 12) ='>f
SOUT (1 0,3 )FCMET
SOUT(IQ,4)=E CUEET
SOUT (I 06)=0 .0
"SOUT(I Q,5)=O. 2

S jOlIT (10,11) =C.0

SOUT (10 12)=CO
EO( !Q, 1 )=).SEO( 1Q, 2)=l?.

-- EO(I ., 3 )-n
El) (C 11, 4) =) ].
"FO (I , 5 )=D.
FO (IQ,6) =0.
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E C(IBOr9 =EC MFJ/1).10.

Eo(O 10 ' )=VL
F 0( 1 P, 1? )=R Hi

CT0LD=T(1,r1)
IM19
DOC 3rJ P1=1,,0P
IF ( ASYF L (M 60 TO 32

L=IND(M)+ 1
LSTOP~INfl(m)

TOLDQ (M )=T (M L- 1
ATAR=TAR(M)-?7?3.16

En ( 1'L, 1):FO( 10, 1)+ 4T G(M /I )/1fo .n
EO(lop ?)=EO (10, '))+E;gGR(M,,?)/1000.OC1

EC (I Q,1) =:O ( 10 , 4) +1 '4 C R (.1 2.) 1 C, 00. 001

AT(IM,11)=1(M,L)-273.16

I-SK=ISK (M)

EWE-T=EWFT+EE(UM) /EMAX(IM)*AC (M) ITOTA/1.3UI1EU4

TPIF z;1 .0
SK UAF=O .0

,1=1
CALL DEFIG(M,IMIN,1.4.AXLr'Ar,NoonE)
DO 801 N=1.LSTOI,
]F(14.ST.lMAX(J)) J=J+l
A0TEN=Pm(MPN)**(()TFN3/QTHL)
VS7VE?3(M,J)*V(M,-N)/VT(M#J)
CM=CMET (M,J )*V(M,-N)/VT (M,J )
lF(J.4fA.SK) 60 TO 4
SKR3F=SKPF+VS *AQTE14

8.31 BLF=TE~I F+VS*AATr-N
SOIJT(1Q,11)=SflUT(J(Q,11) 4SK1F /69000 .01
F00L=FCOLf)(l1)*SKINR(IM)
FnT:=r4ARM(IM)*SKIlfJR( IM)
WRIT E(3p,3)ANAMEO'.1 ).ANAr4F(M,2),ANPME(M,,3).-AT(IH,?),A

*),FNG-R(M,5) FNA)R(r1#6),SKPF, TPL f QCCoATAR, FLU X(M) f OT,

43 FORMAT ( X,3A4.lP?f ?.?.-iP10Fi'.2,0PlF7.?,flP3F 7.2)
3~ (ONTI14ul

IF(IDA.Eq.O) GO TO 56
WRITEC 3o37)
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57 FORMAT(/1Xj,125( 'X')/T30j,'** WARNING **'/T2[P'BOUND',
*R~Y CONDITIONS HAVE 'SEEN CHAý'GEDu,/7XP EL[M FPS (m) up
*2YP '13C (M,11 ) F'c(mpp) FRc(m,1fl) ')
D~o 385 M=!.NOFP
I F(.'SY FL (M )) GO TO 3 F,
EBC~DIM=BC (M,3)-273.16
W91 TE( 3,39)ANAM--(Mel ),ANAME (M,,2),ANAMFE(Me "), EPS(M),F3CD

*IJM,BC( Me11) H C ( M,8). pc ( .1 0)
39 FORMAT (1;1,3A4,2X,F5.4,4X,,F5 .?.5XrFS .4,r3', F-C, 4.4XFF .4)
3b CONT1'J1JE

C <> <
C <> STORAGE OF PHYSIOLDGICPL DATA INTO SUMMARY ARRAYS <>
C <> <>

36 EC(IQP 5)=[O C1IQ,5)+E-2 (10,9)
SOUT(IQ,4)=SOUT(I0,4)/TOTAN/10'00.O0l
SOUT(IO,3)=SCtJT(1Q,5)/TOTA/1COIC.C'G1l
sour (10,?)r:F C;(!Q3) fT0T.
SOUT (IQ 13)= (SOUT (1',,3) -FCMFT/TOTA/100r).rO1- SOUT(IQ,2)

*; /(TARP-273. 16-SOUT(J(J,6))
SOUJT(IO,5)=EO(10,2)*1000O.021I/RHOCPV
SOkUT (I10 )T(7#,2)-?73.16
SOUT(I 0,9)=T (2?2) -273.16
SOUT0(0 ,ý)=TARP-?73~.16
SCOUT(10p7)=T(1,2)-2T3.16
SC.UT(IQ,12)=SOLIT(10,12) /600IC.0J1
S0'UTQ(1,14) =lC0. *F ~ET
GO TO 9P

C
C (><><>(><><><)>(>(>><><>(ý><<><><><><><><><><><><>C><><>>

C <> OUIPUT Of SUMMARY ARRAYS FOP TRANSIENJT RESPONSE <>
c <> <>

32 K=60
1=1
LY=! 0-1

77 WRITE( 3,75)

75 frRMAT('lV.' TIME HIF L 0W H1P Ev P TS '

*1 TH TO TR TM S? 9r CO COND PUET'

76 FORMAT (1X,F 5 .1.,3F 7.2.1F 62, ?r7.32t '1.2)
I r(LX.L C.60) GO TO -?A
LX=LX-6C0

K=K4-6)
G') TO 77

78 K=60
L 1



37 IR IEI V3,85)
IF (LX.IT .60l) K=K-6>ýLX

85 FORA AT ( '1'o-'LL UNiTS IN KCL/HR EXCEPT TIME MTN
*ý TAIR = DUI-CPVEL = M/SECP AND RH IS NON-DIMENSION',,
*'AL"111Xj,. TIMF 14,8AL BEC RRFC 9LHTR '

*' ME.T C 0 fNV RAD EVAP RESP T
*R VEL RH WORK)

36 F ORVAT ( IX,F 5 .1.-l3F9. 3
IF(LX.LE.60) CAO TO 88~
L-Y=LX- 60

K =K 4,60
GO TO 87

98 CONTI'4UE
S TO P
END~

C

C <C> < >

C <) >** < >

C < > <** **v * * C>
C < > < >
C < > <** > **

C <> < > **C

c <> < >

C <> <~* ) C>
C < 5 >
C< (> <)<> <><> > < > <><>< ><> < ><>><><>< ><><><<,><><>>><><><

C
BLOCK DATA
IM¶PLICIT PEAL*8(A-kHO-Z)
1)I ME NS 1ION 6 C (34.,11) ,D R (34p 9) R (34 o?21 )o,V'3 4 ~, VT (3 4o,9

*)PAL('34),RHO(34,9),C(34y9),AK(34.,9),BM(34.?J)P(MET(14,

*OLL'34 ) ,FLUX (34 ),PFRROR ( 310pS KINR (310 .SKIJS (3 4) ,SKINV(3
*4),SKI4C(34),WO'pKM43'),r'HIL~¶34)pFr(34),FSET(34),F5KIN,

C OMM04 I N V/ PCIL/RIrDR /L R/' 14.JV/I ILV T IV TILA C IAC /L 4H01HO/ 1401
*L C I C /L AKI1AK I/1PM /8 1I1L C ME T /C MF T/ L VýP I V E HIL TAR/I TAR /LBL ý/R

*Q NOMS ,I SSNOP, I D/L TVFN /7VEJ /LUA/,A /LVELB vIVEtBILI A/1A I

*!ITE/LTV/TV/LTOT/TOTVTOrA/L'gARM/WAPM/LC3Lr)/CJLD/Lr/F/L
*ERROR/ ERROR ILSK IN R/SK I N'R/LS KINS /SKINS /LSK I NV/SKINV/LSK
*INCIS<INC/IWONKM/WORKM/LtilLP4jCHLp/LEF3/EB/LHR/g4R/LHCI

B- 12
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rJPT ICSWO ISWCCON*SW.COlLPC O LPDIL.,CCONCOIP LON4L,CCL -ElL.SP

*CHI L,PCHILPULLLA13L PCO /12*n .CJ 2*1OL-00)). l . /,QTFN /10
*.r)r0t.,QTBL/0001wL)Ct./,STOPIT/.(li1/.r/714*309./,XA/1,2
*.,43,6,S,$,7(1r),.9,116*O/,BC/3IT4*nflfl/,ENCP/23p*fl.S/,ERT

*ME,EWRTE/3(000OC.-21.,?* ,O/,PTAR/34*3C09.93637/,RHA,Bc,4i1.
*~,09?/,ARP/r:99363ý7/,TO/714*.3O9.C'/,TAIR,VL,R4,hijORK

0./,SK INS/34 *0. 1,SK INV/34*0 .1/,sK INC/ 34*0.D)/oIORhKM f34
**C.fl/, CP1LM/34*- ).O/,FLU*X/34*O. Cl.FSETI394* )* /,PFp,/136-*

END~
C

C <> <
C <> <*~ >** ,* **

C <) > <> *

C < > <** ** C>

C < > *<> t**a *C

C <) >** <** >* t *C

C < ><>
C > <><><>< >><>> ><><<><<<><> <> <><>><<<>>

C
SIJF3ROUTINE SCONT
IMPLICIT REAL*89(A-t4,f-2)
fl!4FNSIO4I TS (11),P(1 1)
iIilENS IONPC ( ), VT(l) AC (1) ,9MC )1'CMET(l),V (l),,T(1)*

*P'1(1) ,TO (1) pRATE(l) .TOLI)(1) ,EE(l), F'4AX (1).AN AME(1)
*, ISK (1)
rOMM04o/FNV/Br/LVT/VrlLAC/AC/LBM/B/LCMFT/Cý'4ET/LVFP/Vffi

*/LT/T/1-AK/AK/LID/NuI,ISPHERNUMS,14S,PNOP,ID/LoS/QE1/L~pr
*F/F/IUTIITM/OEIMoERT/RRLAMWR/
*CL/ODL//ERRERPLKN/KP!ýLK4/KIS
*LSKINV /SKXNIV /LSKIN C/SKI NCIL YiORKM/WORKM/L CHI L /CHILM /LEi
*P,/Et3/LPSKIN,/PSKIN/LFLIJY/FLUY/.',TC/TOILRATE/RATE/LTOLD/T
*flLD/LE E EE/I F4IAX/EMAX/S TCLWX /TA IR, VIR,W",rECfMET. %IC
*L D/LNAM E/ANAMFILl SK/l SK LSTflL/ r-W, SSW, PSW, CD ILSDI L Pt)
*IL,CC0N,SCC'tJ ,CONCCHlL PSCH I LoPCIIIL ,1tBIL ,ABL ,PCO/LQJ TEN
*/T./FE/STL4kMFAR/FDDF)D-TLQPL
*LMIUS/411S

LOGICAL ASYFL

DATA P/4.579,6.543,9.20919,12?88,17K535,23.756.,31 .?24.4
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DATA I I?1
RATE S=l P "

SU• t , 1,= 3 . •

WAR~1S=0-.C'
F WARMS =0.0
C It. D Sz -0. 9')

F C ,'1L DS =r, .n
CWARM=O.3
CCOLD=0 .0
C R.AT E= (T ( ) -C'fOLD) IBC( 137)
lf(WORK.GT.71732.) GO TO 105
WOPKI k .0
GO TO Ilg6

135 WORK 1= (WORK- 7173?. ) 7•.7
1)f' IM-=C

3)1 DO 302 M=1,NGP
IF(NSYFL(M)) GO TO 3')2
I ='- I M+ 1
CALL D EFSý,G(M,LMAT,lODF ,IZ)
L=M÷NUM* (NO D L-1 )

Lt1. = 1+'4 UM' (N 0ýE-2)
F L IIX (I M ) = (T ( LL ) - T (L)) A K (M+ N UM* (Lm T-l) 1 ,R(LL)- R(L )
RA•TE (1 ,0 )-=(T (I)-TOLD ( IM ) ) 13C (" ;•Nur*4, )

RATES=PATES4 RATr(Im)*SK INR(IM)
DO 3Y5 N=1,NODE
JN=M+dUM*(k4-1)

3 6 BW,4(J"I) -2.**((T(JN)-Te(JN))/QTIEN)
WA RM (I M) =-,. 0
F ,'f RM( IM)=0 .'w

COLD(I M)=[ .0
FC')LD( IM ) = . -,
M SK =MNI* N IM* ( N ODE -1)

31 ERPOR( I V )=T (YSK) -Tu("$SK)
$cRROR =FL UX(IM)-FS ET(IM)
If(ERROR(IM).GT..,) G0 TO 3
1r(ERROR(IM).EO,.,) .0) O0 TO 307
COLD(I M)=-E RROR (IM)
COI DS=COLDS+COL)(IIi)*SKINR(U 4)
SUMT=SUIfT+ ( T O(MSK )-2 73. 16)*SKINP(IM)
GO TO 307

334 WARM(IM)--:EPROR(IM)
WARMS=WAR'MS+÷IWP,M(IM)* SKINR(IM)

307 1F( fERR n.GT.Pr.r) G, TO 30F,
I F(FERROR.FQ.C . ) GO TO 302
rCOLD( IM)=-r ERROR
FCOL )S=F COLD SF COLD (1M) *XSKI N R,(IM)
GO TO 3r2

308 VWARM( IM)=F FRRORF WA RMS = FWA RM S÷F VA kM ( I ),SK I % R (IIN)

3)2 CONTI1UE
TCOLD= •COLDS- SUM T+?÷2. S
C F R ROR w 7 ( 1) - TO ( 1 )
I C( FR R OR.LT 0. f-' G') T n 30 _
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C WAR mtC E ROP
FFC COLD =-CERR OR

GO TO 3C$,I
3)3 CC0LD=-CERR0P

FCCOLD =-CFRRflR
335 SW'ýAT= CSW*CW SRM*SSWAF'ARMS

DILA T=COILaC WAR MtSDIL *F WARM1S
ST~zIC=CCO'4*CC0)Lf+SCoJ*FCOL.DS4PCCNi*CCLDI~
IF(TC)LD.LT. C.')) A~iJ=ý!.
CHI1 LL1= C CHILA FCC 01. D*SC III L*FC OLDS +PC IHIL *JVOjD* A6;3
IF (SWE A Y GE . 0.0 ) GO TO 312
S WEAT=,~). 0

31 2 IF(rD1LAT.GE.(.0) GO TO 314
DILAT=O .0

314 IF(TR .E .0.0) UO TO 316

31 6 IF(C4IILL.;E .L".9) Go0in 31R
C141 LL= 0 .0

311 1M
4)0 DO 401 M=1,NOP

IF (ASYF L(M)) GO TO 4`1

L = I SK ( M)
CLJS=fl. 0
I F( M .3EMUS) CUS (AI3LCOLDS+ PIlL*FCOLDS)*Ct1IL 'MIM)

I E(INJM LF.0) 60 O ro'3
(-o TO (1,?05)lNUM

5.1 NC=M +4 tJM*Kf
lIB =M 4+J UP,*KB
',IA=M 41 LIM*KA
VM=VT(N C) +VT (NvP VT (06)
CYF TL (IC ) =QP~ "'IC +(We KM( I.I ) * WORK 14 C HILM (I V *C tIlLL) *VT (N

aC ) IV m

C C) /V'A* P CO0-C If S
I F (VER ( NC) . L F .9 .00'5*fl FP (NC) )V fg'(N C 0,15 OaPF F( NC)
Go TO 59,5

5 f' NPFM +4UM*Kt'
NA =.M+4 UM*KA
VN¶VT(NiP)+V1 (,.A)

525 cmrT(4C)=OF(rJP),(W0RKM( IM)*WORKI4CHL4(Ir)*CHILL)*VT(N
ap ) /Vm

*8) IV' *A* CC-CUS

60 TO 5 *15
5 k, NA=M+*4UM*KA

VP=VT( NA)
515 CvE T (Y A ) nQB(',A)+ (W(, IM ( IM~) *W(,R ý I *C HILM(I M C P L L V I N

aA) /Vt' P CO-C US
I F I Fl NA) L F 0.30 5* f H(NA) ) V ER(NA).0cS'*1FF,(NA)
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¶13 N,I'M# m *'u* ( - 1)
VF11(N•J ):A4F9 (NJ) -•17K r*';KlNr ( IM )4DIL T,4 SKI NV( 11PP)
I f(VF4(NJ 1. 1- .0 •.* 13 (W J) ) V b•( NJ O.i'll),PFt14(NJ)

M)1 FU(IM) I(K II) NKI S (IM) SWf AT )I .0*(R RROR( IM)I/UUL I
CALL DoISVG(V'LMAT,!onDf..Iz)
T? 7 C ( *4 * NII * )) ? 7 . 1f)
CA1. L T FRRC( TS,P,TZ,PAI I p.11)

PA IN=P A I R *P (" (NUi*? )
NWl-NO) F 4 1
Y TK -T( M eNU (Nm 1- ))-1 713..16
C(I L T f)PRG (TS, V',T K ,PSKIN( I M,11)
UMAX U M ) z(F 0 KIN (I M)-PAI R)* .* *PC(M )
I (f E( IM .LI .F',AX(1 )) 4 0 T0) 4 1
El (IM) :FMAX (IM)

4)13 PC ( t1 + 4 WO ~E F( I M)T (M+ NUMa (NU - 1
431 Ct)NTI"tI1

SC1IF TB (171 .?3 . CWORK 1/.1H 4CHI IL) *O.[(,23* ý(4 .',-PAIR)

cMt T( z):(,• ( 38) -t CME TI . 1
CMET (71)=(JP 711 )-FCMET*. 7
V F J ( ') C( 4 1 F I ( 6 )
V PFI(6) =FPF(6)-PSt v* FIAR1',S
R1 TUN'JRF N I1)~

SUPROU IT IF C OEF f G
I'•Pt IC I Rf AL*k (A-HO-7)

PI M f NS ION I M IN(( 1G.),IMAX ( 10)
DIMF 4ýS ICN DR (1) , R(1) ,VT (1),rTAR (1),RHO(II,C('I ),AK(1 ,) HV(),

41('MfT (1), V1.1' (1),A(1)o,"(I ),PP( 1 ),EF (1),ID(1),Oil 1 ),-PfB (I)

CC M %O1 /1 D t RI/I)//k RI /H/ VT L VT / 1 V T/L IO R 1 / kHO L C /• I AK/ AK/I RM/ 4M
( 0 M MO 4 L(C M[II /CMF11LVf-Pt V H / IIA R/ IA R/ LB I IR HO14, C 9, T Ak PtCOA A CotI !f,

C').'1`04 /C0DID / CO h//LID/ 14,M1 1 sp j rR NUJMS, S SS, 1 OP, I D
COMMOY i1tf4/LQVL P" F B /:3 9
COMM04 /L 0 T/ I NGT F"N
C 0 ý I!A','14/LUTtPL /VTt1L
LOGITCAL ASYF I.
I (Co 1I
I SP- I
DO Q 1 =I=,Nof,
l F(1 . 31 . I i' H F ) I S P'=

I CE ~
I(f ASYFL(I)) GO To 9'
CAlL DEING(I ,IT4IN,I%1AX LMATNODI)
K=i
I f ( IMI N ( K) V L { I M AX ( K) K=
GO TO 12.3, 4),

?4 1 CrfI=?
H3 RHzA K(itI NUM* (K-1))/D111(] *NtIM* (K-1))/4.

DO 8 ) N=?,NODF
MP= 1 *# UM*K
MMZ I +4%UA* (K-I)
PN= I * dUm* (4- 1)
IF ( MIN(K).tO.IMAX(K) G0 13 14
IF(N.EG.IMIN(K)) 60 TO 6
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If N .1.1 XM~A X(K) GO TO S
4 1 FLOW'1

RP=DR(MM)-tR (MP)

GO To 4C'
6 YF(N.iQ.2) GO TO 16

AA=BB
RB=AK( mMM/DR(MM)/4.

8 AA-Re
GO TO 4U

19 IFLOW=2
12 AA=BP

GO TO (46,47)l,1SP
46 P8=AK(MMý/DR (MM) /2.

GO To 48

47 BBT=R(MN)/r'R(M)
48=AK(MM)*(9T+.5)/(?.*e3ElT+l.)itR(MM)

48 GO TO (4',P17),IFLOW

RP=rDR(MM)4DR (MP)
BB=(AK(MM)*DR(MM)+AK((MP)*DR(MP))/RP/RP/?,

C3O TO 117
16 RB=AK(MM)/DR (MM) 14.
17 qP=IR( MM )+OR (I+NlUM* (K-2)

AA= ( AK ( M)* OR(MM)+AK.( 1+NUM*(K- 2))*VP(I +\UM*(K-2))/P /RP/2 .
4;.; A 0T FN = 9M( MN*f:rT E N / 0TVIL
101 C?4=CME T (MM)i VT( mM)

VRj-VE3 (MM)/VT(MM)
9 GO TO (43,44),ISP

43 AP=a75*(R(MN)+R( I+NUM*N))**2/(3.*Di-,,ýMM)*R(M'N)*A?+DR(mM)**3)
A M 7 5*(P(M N)4, R( I + J4IM*(NN-2)*2/(3*D R M M)*P(MN*2 4 DR (M M)*3
6O TO 4~

44 AP,( 1+ P(reNLJM*N) IReAN) )12. r.R(MIA)

45 GO TO (27,23),ISS
27 4 Cz1.

GO TO 51
2? RC=Rý10(MM)*C(MM)
51 A(MN)=( -RH0R*CP*VEB*A(,rEN-AA*AM-FqB*AP)/PC'

R (MN)=A AAAM I FC
D (NN)=tBS*AP/ RC
E (M~N)= (CM*FiM (N) tRf*Cfl*Va AQ TVNATAR( l)/PC
GO TO (P(Q,1F)riGO

18 KZK f1
I GO~ ¶

3C' CONT14JUE
DUV=DR I )*P.
(;0 TO 3~3,34 )o I CE14

33 AKFiOP2= AK (I
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GO TO (49P50),isp
S4 AKI30H=(AK(I)*OH (I)4AK(I +NUM)*DH(I+NUM) )I(rrý( 1)+DR( 4-NUM))%

49 ASI16.
!'0 TO 35

50' ASP4.
35 r-O TO ( 25-2 6)1 S S
25 R C 1.

GO TO 5?
Ž6 P CR Ho Il*C(

wR r,

D(I)=A S FAK OB/ PC/IDiN!UN IDLI
I (I )-( C MET ( I)/V T (I ) FM1 ( I )+RH OP* CFi*V EB3 1) 1 VIT( 1) T AR( I) *i3?v( 1 )(OTEN

-A/QTeL) ) /fC
I S P= 1

93) CONTINULE
R FT URV!
F.N D)

SV P R0 J T I NE F f A L KT T
1 *1P L IC I T R E AL *8 A( 41, 0 - z
O IME NS ION I M It( 1 )) , TIMAY ( 10)

CONYMONI/LE/ B /LCM~E T/ C'F 1/LV FBI/VF/LTAR/ITA R/L LD/RHO)P, C9/L T/T

COMMON I /L Q 7 N'/0 Tr--N/IL 0T 1L/IOT nL I/L P/ G
17 S U M = )

I Z- I
CALL F FRC (K JM IN.,I MA~eLMAT NODE)
N 11A ::K +NI 1)M* NC!)F

D0 3(0 J=1,140DF

MN=K+'J ur$*(J -1)
M=K+4LUM*(1-1 ý
AQTFN=PM(MN)**(QTFN/(QrRL)

1 DJ C'A- C ME T ( M) *V (.'A N') I/VT ( M

VB=VE3(M)*V(MN)/VT(M1)
16 S~T)R=STOR+RO('i)*C('¶)*VJ(MN)*(T(MN)-TT(MN) )/)C(K+NU*4~)

P[CC=PEC4PHO(M)*C(M)*V(frN)*(T (MN)-273.16,)
Er4'R (<+*NUM*6 )=RrFC
F N ",R (< ) = S1T R

15 S lJM =SUJM + HO 8*CH&VB(T(MN)T AF( K))A 0TF N
P N CR (K + N OM z-,SUM4

3 G F N =GF N + CM HFH(M N)

Ot) 7 A 3 C ( K )* ( T (14A ) -8 C (K 4 NUM A 2 )
E NG R(< +N UM 3)0U TA



ENGP (( +NUM*4 )=(;I.Yr
OU I Cx3C (K+4LI*5 ) /7 041A)
EN(.GR (( +ti(jM*cl )-0 (17

OUT=OU TA ,0U~TpVeur
18 G,) TO 1 3p 14 ),v'
13 EBT (K) =OkT-GEN+StJM

RETUR~4
14 EBT(K) =OUT-GEN+SUM+lS TOR
2nl RETUR'4

EN4D
SUcIROUTINIF PLTPF(G
I Y+PL IC IT REA L*8 (A-H,,0-Z2'
1)IMENS ION IM IN( 1) tO IM AX ( 1) f 1. 1 (1 6

COM~O')4/L.V/V/LVT/VTPJ-ýFSI/PFF?
'-C WYIO\0J / k, VE B/ L -'AP/ TA R /U3LD/ RHOR CS o 7A R PL Y/ T/LEM /FM
COM04J/L.10 M IjM, ISPHE R NLIMS, ISS NOP, IDi Ll VN/ TVEI.JLU A/1jAILVLOl/XrLs

CO-!04 tLTEN /QT E04
CO!"MO I LQ'TRL /QT PL
L0$ICAL, AsvrL,

SUM8C=,

D'C 5 1 1 ,~NOP
I IF (ASY Ft (I) 6O TO 5

VELS( 0=Q
CALL DEFRG( I PIMJI1, IM~AXo,LMAT,NOUE)

DO0 15 K14.NO()E
Pl.A T = I N lM* J.-1)
K N= 1+4 U M* (K-i1
A 0rTE w 8M(XN ** (QT EN / Q T 9L.)

4 VS=V E3 "'A T) V (K1)/1V T (MAJ )

25 SUMA=StIMIA+T(kN)*ViP*AOTFN
I F(KEQ.E IM A X(J) J =J 41

15 COJN 114UE
TV E N(I ) -SUM A/VE1.0 (i I

5 CONTIV.'rF
DO 45 1=1,NOP

I(ASYFL(l)) GO TO 45

T V E (I )S =i CJ H Ui I) *D LT N( I)
4)SUMiOSlJMi+VEL.P(I)*VNl

45 CONTI14U[

TARP=SUMC/SUWvB

2 ~Df 59 17J-1.NOP
I F( ASY F L(I GO 10 5q

55 %L.AM=IA(1)/VELB3(1)/k$A8/CB



TAN( 1)=(TARP +AL AM* TVrN (I))/( AL AM+1l
5 ) CONT 1\1LIE

4?ýO R iTU RN
FNED
S1,$RU T I V S I P RG'.TTptDD
I MP.IACI T RE AL* ( A -A C -Z)
D I MENS IGIN~ XA T(21)
DIEN IOND (I) IAR( IE~( )E.rt (1), ANAME( 1)

COMMOV /LTAR/TAR /LEfsT/C-8 7/LENGR /ENGR

CONMOMi IL.STOP IST0PI I

10GJC41. ASYFL
I T x1

CAL.L SCONT
53 1 Z =

DO 90q K=1,NOP
YR C=1C ( 1 ýN-Um*6)
TF(ASYFL(K)) GO TO C

CALL D EFSRG (K.LMAT '40DE 17)
NJN rK 44 UM *NO D

1 2 Do' 3 9 i=I,'mu
N=K +NU M* (I - I
X AT( 1) T (,0
GO) 10 (31,30), IT

31 TT0J) =T (N)
3~ CONr14 U r-
52 IF 0SS NF.1 )GO TO 20'

T ( K) =- D ( K) /A (K ) *T ( K f NUM )-F (K )A (K)
TI (K )= T (K )
DO' S I =?,f.eODE
N=I+NUM* (1- 1 )
T (N,)=-F, (N)/ A (N *T (K4'JUM *(1 -ln) -1)(N ) /A(N) 'I (K 4NUM*I ) -F 0!i)I/A 00)

6 r!('0=I (N)

SPC (K+l41JM*3) **4) *PC(K+INUM*5) / I(NN) )T(K4'411M*( hNODE-1))
60 TO 4 1

2 0 T (K ) =( -D(K).C ýK tNUM *4 )*T (K + NUM)-P C(K +NuNI*4) *F ( K)-TT(K) )JI(P (K QC
$K*tjUM* 4 ) -1.
DO 4-1 1=:?,NOI'E
N=K4NJ UM ( I -1)

49 T(N)=(-1.3C(K+? 1M*4)*(Uei,ý)*T(KNUM*(1-?))+D(e) T(K*+4Ilrm*J))-B8cK+'JtJM*
$4)* VQJ) -TT(N )) / (C(< +NtIM*4`)* ()-1 *)

T(',' )**-TT(K+ Ntl)**4)*1(rcKt:*')H IT(K NII*))-TT (%4 NUM*(K +KUM )*(C)4

4 1 1)O 5 1 J1 =IN!u

*ItK+NUM*(J-1 )
TFST=DAPS(XAT(J)-T(.4))
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XAT(J) =7r(N)
IF (TEST GE.XBC) GO TP 52

51 CONI 1411E
90 CO "T 14iU E

I T = 2
I L =I L +

35CALL 3LTPRG
IA01l
ENERGY =kO.
EM AT =9.
00 73 I1=1NOP
lF(ASYFL(I)) GO TO 73
ET[STLuAfS(DP(I)-TAR(1))
DD(1 )= TAR (l)
I F(ETEST.iE .PC(14NW4M*6) ) IAD02
CALL EBAL (1 ,UT)
ENER GY FN ERG V4EPFT(1)

EMAT=EMATENGR(1+.NW4*?)
73 CONTI1JUF

C,"LL SCONI
CALL COEFRG
GO TO (74s,53).,IAD

74 IF(BC(1+NUM*6).Lý.5TOPIT) G,0 TO 77
DO) 75 1=1,NOP

75 fsC(I+4JUM*6)=ýC(INUM*A) /1).
GO TO 53

77 EMAT=.05*rE.AT
IF(E)A3S(ENER6Y).LT.EMAT) GO TO 71"

7 F WR ITF (3, 79)
79 FORM AT(/ 1 X, CPUTION THE ENERGY B~ALANCE HAS NOT MET CRITERIA,)
? C I F( ISS.NE .1 GO TO 9 5

WRITE(3p7?) IL
D(ý 1 )~ K~l#NOP
IF(ASYFL(K)) GO TO lfl
CALL DEFSRHG(KfLMAT,lODE,1Z)
NU: NODE 41
D0 11 1 1P.N1i
N=K+NUMf*(1-1)

11 T (N )= T(N)-? 73.16

$=1 1, rU)
1 - CONT1'JUE
71 FORMAT C X,3A4, yo,2(T15, un ':,.5/))
72 FORMAtT(/1X, S7EADY STATE CONDITIONS HAVE BEEN REACHE O ... ~

SNUMPER Of ITF-RATION'S FXFCUTFV ==>' 110111X,' HF STEADY STATF TFIAPE
SRATURE DISTRIblITION FOLLOWS.-'/1X.' STARTI~tJ F ROM THE CFtdTER N.ODF TO
S THE SURFACE NODE =>/
I S ?

9S RFTUkRJ
E ND
SUPRlOUTINff GEOMRG(GE0,N~lJTe40 P)
IMPLICIT REAL*8(A-H,O)-Z)
nfl-'ENSION1 GF 3(NLIT, B),I)MIN( 1~),IMuAX(lL')*D( 0)

T'IIMFN~SION DR (1)*P(1),V( 11VT (l),AC(1),-It(1 ), TV(1),ANAME (1)
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COMMON /L DR/ DR/LR/R/LV/V /LVT /VT/ LAC /AC/IJDIN UMm ISPHE RoNtMS, ISSN3Po,

COMM04/L TV/TV/L TOT/ r)TV,TOT A/L NAME IANA Mr
LOGICAL ASYFI.
DATA PI /3. 14 15,9?/
T('TV)3
TCTA= .

WRITE( .3,68)
6 A FORMAT('1',-T?6,' SKINJ ~uc,3CLTr DIA D IA D IA DIA

"DA DIA DIA SP'HFRE'/T7,,'ELEMEN'7 CIRCUM FOLD FOLD
sR AT 10 PATIO' RATIO RATIO RATIO R ATIO0 RATIO ANG(RA

11) SEGMENTI/T18,I(r'M) T HI CK rHi CK ~ ATL MAITL MA T L'
$. MAIL M AIL M1ATL MAIL LENGTH J't6L E/'IT27P ' (CM)
S(Cm) 3-4 4-5 5-6 6-7 7-8 8-9 9-10
s(CM) (RAP)')

DO 31 1=1i,NOP
I SEG=2
I F(ASY F L 1)) GO TO 3P
T V (I ) 0.
READ (1 ,6 1) ( G FOC(I .J )J =1 p12)

51 FORMA4T (Fl0.6 1 X,F6 .5 lX F6 .4 ,7F 5.3 F8. 4,-F 101. 7)
WPI T E( 3., 62 ) A NAM k (1I ) ,AN A ME U(+NUM ) ,A NAME (I +NP'1 *2) (GE 0(1 , J) ,J t1 1?)

5? FORMAT ( 1X,3A4, XF 1) .6, 1XpF 6.5,IXoF 6.5,1X,.FF 8.4.1IX, Fl,'. 7)

CLL DE FRG( I !MI'pIMA~¶XpLMAT,NODF.)

)A=GE3 (1Il) I P1
D (3) =DA-CGEO ( 1,3)
K =LMAT + 1
DO 15 J1 =4ol
D (J ) =D ( J-1) *fEO (I J
N=K -J+ 1
IF(J.EO.K) GO TO 1?

1 5 D R( I +NUM* (N- 1) ) =( DU-1 ) -D(J) )4 ./D FLO4T( IMAX0 (N-1MI N( N)41

DR ( 1+4eIM* (N- 1) ) = ( D (J -1 ) -P(J 2 )/? .0 FLOA T ( I f)

l(LMAT-1 )+1)

SFG=GEO (1,12)/2./Pi
X-1
VT ( I +'4UM* (K-i)).
RCI) ).
P(1+Nj;*(NU-1))=DA/?.
D~O 12 lY=2,horE
I f(N.G E .1101 N K ) .AND .N L EIMA X(K )) DD=2AD R (I ,NLM*(K -1))
If(N.GTi.IMAX(K)) GO TOl11

12 R(INLJM*(N-1))=1d14.NtIm*(N-2))+DD
I F( I.GT .ISPH FP) GO TO 3 3

SEG-,=GE0( I,12)*P 1(1 .-tCOS(6EO0( 1 l11 ) *PI

S)-DR(I .NlJM* (K-1)))**3)* SEG/3.
GI1 TO 34
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IV( I)= TV( 1) + V( I+ +NLIM* 013- 1))

11 KK1
DD R (I +N U N * K-1)+ D P(1 4NUM * (K -2

GO TO1 1?2
1' CONTM~E

qO TO (~,3 6)Ir

3 t V ( I I D R( I )D R(I*r 0o( I, 11 )*SF f
AC ( )=GEO(1 ,1)*GEo (I oil )*SE-G
GiO TO 3?

C ( )= R0(+NUI0*NO rE)*'SF
37 T1VT!V1

3 ',\4!IYS =J LIM S-i

31CON T 14 UF

IFV=(AST+TV) GO O) 7
COALLOTA4AC (N)LAODr2

53FIATE(3/6)TIAý,'kDAF(),A AFOR ! ýODY NLIE),NAENT,6234/11M*2)PAC(N), AREA )

W4 QC IrT E(3x,64 VT (f-cubJ4*(-CI)',Kx,(lpLMA1T) )
55WP!'TF (3y,'6 DR (CM)',?X, (K-?)),i~l#,?.3

57 I R~T (lx,( 36)(Vc (4 +N U (CKO C-C 'ax KTr) 1G 3))D

TOTA=TOTA/lAiC.I(N~

63 Fr~rAT (//TVx,'FC'Tp FOR.1DY VOLF)MFN Vol, (CP,Cll CM'StrbFAC OAREA
iS .D ACEA 2X, F 1r)3,6, ' (0 TI'RVOLME TFRSC)C1-'/F10

JP IR I FF.(3,9CTT (LF,LTO Tat 00 ,

NC~F 4 1)

SWPUTN 15R1(-EPP1, MI=,MAi,0DE

PýF'LICB- 23A*ý



NE z.NO/ '1(1
IC C=O-FJE,61
N ON F

I F(0XCc f*o 1W) TO 18

1 5 NO PE =V0D E 41C C

i.~AT j
Gf) TO

3' RETURYJ

2 1IMIN(1 =1MN

P1 ttX (1 ) = ISTO R
DO 16 K=2,j
ISTOR=lM[Nq(K)

16 J'MAW(< ) :MI'Y(K)+lST:,P-1
R rTUR4
F ND
LO(-'ICAL FUNCTION ASYFL(I)
CQ'HMONIL IA/ IA( 1
IF(I.'4 EaIA(I )) Go T,) 5
ASYFI.=.FALSE.
R F TU R4

5 IF(1.5T . I A( GO TO
ASYfLz . FAL E
RE TURV

16 ASYF L= .TRUEF
9 FTURV

SUFROU T INE MIJSCLF xJ K L,M)
DTMIENSION IMU(1

CO''Mo0 /1 TMU/ IMU

K= IMU I I/1 pot)(1 / 1,

RE TURY
EN f
SUVROUT [NE TERPkG (TARLE ,CQTUP,),-IVEWAN1.INI)EX)
IM1PLICIT REAL*8 (A-ip-Z )
DIMENSION TARlLF(JNDEYý,PCfTA3(IN'DE;()
IF(GIVE.LT.TAELF(i)) (10 TO ýS5IrfIEG.~b~lJE) 

GO TO 35XF(IVJDEX.GT iG) GO TO 4U
L = I
WA*.T=COTAS(L)
PROD0

CIO TO 18
4j DO 13 1 LAz~1,!NDE X

LAI"LA
I F(T AOL E(LA)GF . GI vE) 60TO 14 5
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13 CONT14UF

(.¶5 IF ( 'A3L E(LA ) EQ G I VE GO TO 60

It (1, A. L E 10) IND=1,)
IF (LA. : i T .10) IND =~LA

L IN zlD-9
WA14T=C 01AS(L)
PI~oDv=l

l b DO', 10 I=L,IND)
PPZlD=PROD*(GIVE-TAHFl~(I)

I A=141

Do 25 J=L,IA
I F(J EQ K) GO TO 25
DPR0DzDPIRUD* TAr'LE(K)-TAPLC (J))

?5 CONTM4U
3f DIVDIF =DIVDI F+CO)TAE:(K)/DF'ROP
i~wANT=WAt)T+PRODi*DIVDIF
R ' T UR I

13WANT=CO TAR( I
4P 1T F 3.,5,) G Iv E
R F TZ; R4J

35 *,'AN T =C0T AS I NDEY)

5 ' FQPMAT (I X, TH VALUE Oc'ING INT FRPOLATED (',E 16.8.' YED A

iRNIE STANDr'ARD F ', XIP T 4KF4 '.rED TAL

L<F TURý
5' W.ANT=CCTA[3(LA)

RF TUR4J

2

I 3 4 5 5 F 710 91 211 '413 C, 0 0 0 QŽ C, ,1 I Li n 0 0l C 0 0 (1 l

21 1 2111 21 1111 2111 1 1111 211 1

0

C'1 4 C 5

., .714 4 :. -'i1 .¶n9pf
17 71'31 1 .?7 1 ' 2.12 1-7 2.1?'1 0.9

0.0 0.0

fl - r

3 1? 21 ~1 31 ? 1 21 ?1 21 ?1 21 21 9

31 U C03 0 0
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4E AD FOREHEAb)FC 
H~ ~ Af0E

A E E HA N LS pi1 !isLr SL GP:ET PE T N OT U S FD NOT UFEV NOT U S F 9 NOT IISF f)NOT USED NO0T UJS F 1 "'OT USED NOT USED N OT U 5 kD N OT USFDNOT U SEID NOT' I'SE N07 tDsri NOT u!5 E p NOT 0 Sr- D NOT USFEDNOT OSED NOT U SE D 1.0T USFL. MOT ll'E0 4~ 0~E T'O L CZD

65 -6 76020 4 0001 .816.; .5S M5.06F96r4~ .'2 , 410'49. h(18 4 7( . 4 f- -31 1.9735 .796 .4 9 50 .0 c .0 .0 9. M2 5 3 .604 104 935. 6'4 717 . 21623 0.,9161 .495 .9 . .0 .0 .0 .11 F.42 58 6 .283185;60 429.444P8 3.'14 421 T. PN9 .P? F.)0 .fl .0 n 2 F. 5 78 6.28 ý185?9. 1934,J2 .33028 4 .1 b3 2 793 .9ý3I8. ~ 0 .0 55. 1561. A?6 - 059 33 7 . 34 -9018 .395 .0 .~* 0 . 0 1144 .81514 .2071 o~3 . 44 1. 43931 .64~ Q0 . ..0 0 . .0 62.0224 6 .28 31R5 035 .966?ý4 . 1, ?. 1?65 .515 .0 .0 .0 .0 . 0 139.3424 6. 28 3185 r;4"2. 6 (4526 .48. 2.3457 .735 .0 .0 .0 V0 .0 .. 4 F,3591 6 .28 31 P%.2i66A U .8 29.45 ? 9.45 .09q99999,26 5 t 1 .0 29 .45 29 .45 fj99?999?.3 1 3' i.0 29.45 29 .45 .0~9999999
3 2? 1 .6933 29.4 q ?9 .4 5 .0999ll1"~l 0 .?77i5 ?9 .4 1 2 9.4r 5 .09099999

.1590'7 0.7105 29.45 29 .4 5C .09999999.32J --1 0.677'. 29.45 29 .45 .099Q99999.1431)1 0.7785 29.45 29 .45 .("999999;23r0TJ1 C).612 9 ?9.45 29 .45 nf99 9 9 9 9 9131 p93 46 29.4ý 29.45 0 9 91)9 9 '9
1 ~ .34.536 13095. 4 1610.1 .5r .512 56 10 0oL 0' 0.0.55 .640 1 .3176( 0.34 1 .551 f,?.9269 1.79? irL. P960.'15 P83 ts.53# 6 19 695 0.1.5 .5256 (,,.,Irin 0. 00. "i5 .64 t" 1 .3 ? 0 .J D0y.261.0'J .9? 69 1.797 17. 494.1.65 .92 69 1.61 2 8 0. 25 r.1.5." .5 25 6 "1~. or. 0. n .1 C-5 .9? el9 3.612 180N(). 600'.O.5.64(i 1 i7ý5 0.5 2.711.J.9269 1 .797 5 P. 2?32n.1. 1; .2 5 5 .0,;4 r . (.I .05 .9269 3.61 ? .3 4 i 1000.0 .J,5 .649 1 .3 7 el0. 2 1 .151 .C, ) 9?69 1 .797 3C * 315 .0. 5s .9269 2 .4?r 1? 476.1.3Y, .52 c 5 .()(4 '0.1. 05 .9?69 3.612 P630. ýý10 .F5 .054 " 1 .376 s' 5 39.01I co .9269 1 .797 4 4 C 197 V..1 .c5 FP83 4.7 7) 3667C. 1 5V0u .1.30 .5?56 5.0114 r)01 . ýý .9?6el9 A.61 ? 4 3?2 1 4 07V)

1 1) J .92f69 1 .797 62 P. 372?41 .7P .5256 1.6 J (1 0.
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1. Of5 .92A9 3.612 2660. 9" t;Of.
0 . E, .6 4.r' 1.376 2 . 5p 1!.7
1 . P 1" .9269 1.79 7 L•0. ?6 k"8
1 .•7(; .5256 1 1",. 6,1,' 9 C, 0.
1.05 .9269 3 .6 12 16 o 53 r)
0.85 ,64, 1. 3 76 1 f3 4 .69
1, . ,o .9269 1. 79 7, 160. 2216.
S.70 ý5256 C 0.0 . n_

C-05 ,9269 3.612 4240. 1 38•30.
0. 5 .64r 1 .3 76 11.4 51 .8
1 ~r .9 269 1.7'97 850. 42 rI3.

1 .70 .5256 1Iq•60A !.7O
1 . 05 .9269 3 ý6 12 2 50. 810.
0 . ý5 .640[ 1 .37.5 2-4 3 11 .03
1.0O0 .9269 1 .79 7 2 2 0. 1 F .9 ,)

393. 66 . 18 4. 2 00. 1 5 99. 2F4 3.16,) 7. 60ý3. 3F16 . 83,P.S29 .45fii G .1 0.3 n 9.9

.01
.03 ?4 .0054 .315 2.0 165 .1711. 32 2 4.06 86. 1845 .150 5 .n0334
•0ý3 77 . ý 6 3.]17 7.0!193 .166,1..3 142.154 C., 031 .218 - .6353
".'61 5.,r)1 "3 .) 289.D3314. 111 7. 210 3.09 5:1. 1?1 C.230-n. 1 r- -

.113 1.015 2.1 414 .r!0 F2 .n-)ý). r.,o Op.2 7n o.I I . 210o . 2961
. 0'.30 ý ,' N ).9 0 9.) ]C,-.i 1135rj. 1 ef65 .089Q %)100. 60C % 0 1,Z•

. 0030C.r ogrl.3 3 9."D436 .4414 . 461 1.0:176. 0004 .0113 . C'CD7
(1, . C 0.1 0. u0 0. ,• C.5 4 .[V

U.10.141 .05,0 9{0 1 1.35 75 .0
99, C/.99 33..0 1 t? 10. 1.S23 . 5 12 II (0.1 0.3 0 .7 .160666666 ' 0

23 . 500 nlJ U. 1 0 ý3 S . 11 .166666(6 ,6 G
21 .5CL-1 0.1 0). 0 . - .16666666 •

4 .7 n 0. 1 0 .. 3 .,) .10333•J3' C t
4t . 7c• 1 n•1 ].1 f)n . 3 3 3 -ý3 3 0

4 . 7 C bI 0.1 0 . 3 . .C3%-3 333 0
4 . 710)01 (1 0.3 3. . 1) 3 33 -i,5 " 0
4 .70C 1 0.1 0.3 9 .9 .'-,0333333 :,0
4 . 7(:-C1 0.I 1n. 5 . .00833 ý33 0

t•~~~~ . -%0 3. . 0" 833 33 0

4 .t73C,1 0.1 (). 1 0.", .90833333 C-

4 . 7D'01 0.1 0.3 f.) .ý'0833333 C'
44. 7 ",'U.1 0).3 a. .50833 ý33 0

4 . 70'01 0.1 f 0.1- I.V.8[•33 333

S• 7,C1 0.1 0. 0• .3. - 166t6666 P

4 ,. 7 ) 01 0.1 G .• 39.) .01666666 ( 0
4 . T'j (7 n.1 9.3 2.]. 16 66 .56 6 0
4. 7 0 G1 0. ]. 5 O . 1666 oL.66 0
4 . 70 L 1. ]..s Di'• 6.• 6, 666 P 0
It. V-,01 ..' r,3 J. 1665t666 ' 0
4. 713[1 .r. 0.$ 1. 0.5Dlf66t,66 "L)
4,. 7?- ! 1.1 n.; 1.- .')1(6 (6 66 0
4 . 7ý01 9.1 1.3 0 . -ý .01666666
4 •. 7i301 0 . 1 j .3 0 . .0166666-6 n o
"4 t. 7 90 ' 0.1 0.• . 34166• 6 k •t 6
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4.7301 0.1 0.3 0.o .04166666 , 0
4.7301 V.1 0.3 0.. .04166666 n 0
4.7001 0.1 .3 0.9 .04166666 C 0
4.7001 0.1 0.3 0.7 .n4166666 C 0
4.7001 0.1 0.3 0.0 .04166666 C 0

4.7001 0.1 0.3 0.3 .08333333 0
4 4.7,001 C,.• 1 .3 0.) .'ý8333333 "'0

4 t•. 70C1 0.1 C) . 3 0. .08333333
4 .701 0.1 0.36 .068333333

•.]0 '.1 0.3 0:3 .08333333 ,4.7 T)1 0.1 0.3 (.n .16666666 , 0', " 1 0.1 0.3 3.1 .1500 6 .1

4 .79'J1 0.1 0.3 0.D .16666666 0 0
4.7901 0.1 0.3 o.3 .25000000 0 0
4. fl,1 n.1 2.3 5. ,.500c0000 0 0

10.70,1 0.1 0.3 0.2 .50090900 " 0
4,. 70(ý1 0.1 0.3 0 .n .SOOO0COO 0 0

4.7001 0.1 0.3 0.2 .50009000 n 0
4. 701ni 0.1 0.3 0 C. .50000000 0 0
4.7001 9.1 0.3 3.i .5000HG000 1 0
4.7001 0.1 0.3 0.e .50000000 C: 0
14-.7001 rI.1 C.3 0.7 .5000000C 0 U1
4,.70.1 0.1 0.3 0.? .50000(100 .' 0
4. 7'001 0.1 0.3 O.u .50000000 0 0
4.700! 0.1 1.3 O.C .5C0OO(vig n 0
4. 7 c) 0.1 ).3 5.i .090 00 0 0
4. 700 1 0.1 0.3 3.0 .5OP0O0 ' 0 0
4.77001 0.1 0.3 ..5 .?030 60 r 0
4. 7001 0.1 0.3 9.3 .500J0nnoC- 0
4.7.01 n.1 0.3 0.0 .50{0flonr 0 0
4,.7OC1 0.1 0.3 5. .50003000 0
4. .'lui ft.1 0.3 3.1 .5r-)oo'no 9 c
4.7001 0.1 0.3 D.? .509oo000 0 0
4t.7O71 0.1 0.3 9.3 .5 090300 ( 0
4, . ?)Dl G3. 1 0.3 ').q .1 nnrtn Vrj tj n r)
4,. 700 1 G.1 09.3 0.7 .?sno1 1 11c,0 LS 0

4.?7r,01 0.1 0.3 0.3 .25?00,000 C0 04. ?nr-l 0.1 0.3 O.rl .250TPO00 C) P

4. 7001 0.1 n.03 0.3 .250 3,009 ,
4. 7C01 0.1 9.3 0.?, .?5nnngo0 0 ,
4 .7 n001 0.1 C.3 a.) .2500"J000 C 0
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APPENDIX C

THE MONTGOMERY MODEL
(MODIFIED)



The Montgomery model was Implemented as a FORTRAN program. It has

run on both an IBM 370/168 and an IBM 3033. On the IBM 3033 a nlnc.y-mlnu~e

simulation requires approximately twenty-eight CPU seconds. The tollowtiog table

lists the major variables of this model. Following the listing of the .zodel,

Its input data and a typical output, there are Instructions for using ;t.

MAJOR VARIACLES OF THE MONTGOMERY MODEL

Svmbnl Definition Units

A(N) Area uf the mid-plane between compart-
ment N and N+I H2

AL(I) Wet euit5 half-thickness covering

segment I M

AT Adipose tissue weight KG

BFB(N) Basal blood flow to compartment N L/HR

BFWT Body fat weight
S~KCAL
RM Diver s basal matabolic rmte KCA

C(N) Thermal capacitance of compartment N KCAL/°C

CM(N) Radius to the center of mass of compart-
ment N M

D0(1) (Yatside diameter of Segment I M

lLkR Height of arms segment 1

ky Height of feet seguent K

!{HA Height of hands segment M

HL Height of legs segment 1

HSS(I) Thermal, conductance between skin and
wet suit of segment I KCAL/IHR-°C

HT Diver's height C4

WTR Height of trunk segment M

K(L) ThIrmajl conductivity val ues of different KCAL
materials M 0HR-Oc

LBWT Lean body weight GM

NAT Non-adipose tissue weight KG

C-I



Symbol Definit~ion Un I t s

PBF Diver's perccnt body fat N.D.

QB(N) Basal metabolism of compartmezn N KrPL/HR

QC Total basal metabolism of body core
excluding head and trunk core KCAL/HR

QM Total ba~al metabolism of muscle KWAL/HR

QSF Total bassa, metabolism of skin plus fat KAL/KR

R(N) Radius of compartment N M

MP(N) Radius to the mid-plane between com-
partment 1; and N+l M

S(1) OutsieL. Litrface area of segment I.

SA Total body surface area CW

SG Specific gravity of diver NýD&

SWT(N) Body compartment (N) weight MG

TC(N) Thermal conductance between compartment
N and N+1 KCAL/HR-°C

TTHWS(1) Wet suit thickness covering segment I M

VAR Volume of arms segment M3

VF Volume f feet segment M3

V[A Volume of hands segmen- M3

VL Volume of legs segment M3

VTR Volume of trunk segment M

WC Weight of body core KG

WM Total weight of muscle KM

WSCP Wet suit specific heat KCAL

WSD Wet suit density IM/M

WSF Total weight of skin plus fat KG

WT Dive5,s weight GM

X(N) Heat transfer length between compart-
ment N and N+1 H

C-2



Symbol Def I nt ion UriI t_

COND3 Total body heat loss to ambient vater KCAL

DN Density of ambient water K/M 3

DIIAT Total effereut skin vasodilation commaud L

Eli Integratiin step HR

E(N) Total evaporative heat loss from N ]MAL
HR

F£B(N) Basall evaporative heat loss from N KOAL/HR

Total respiratory heat loss KCAL
HR

ERROR(N) Output from thermoreceptors in compert- 0
ment N

EV Total evaporative heat loss KCAL

F(N) Rate of change of temperature in N 0 C/HR

H(I) Total environmental heat transfer KCAL
coefficient for Segment I MH2 _fMOC

HF(N) Rate of heat flow into or from N KCAL
HR

HFLOW Total rate of heat flow to or from KCAL
the body W.•

HO(I) Water-wet suit surface heat transfer KLAL
coefficient for Segment I 2_HR OC

UP Total metabolic heat production KCAL

IITBAL ,otal body heat balance
M -•HR
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• k • • •, ....:• • ... .. •..... ... .

SylrnboI DOefnIt~on Units

2OOUT Total water lo j rate in expiratory gas GM
HLR

TM, Interval between ortputu MIN.

I•'JIM &Lap~sd t.Im MIN.

jmIZ E•lapsed time MIN.

M Metabolic heat productior - HP KCAL
(Print out 1label) H2 Uj

MU Dynamic viscosity of water
HR-M

P(I) Water vapor pressure table from O-500 C mm ig

PAIR Vapor pressure of environmental air Imn Hg

PIN Saturated water vapor pressure of
inspired air mm H

POUT Saturated water vapor pressure of
expired air nm Hg

PH Prandtl Number of environmental water N.D.

Q(N) Total metabolic heat production in N KCAL

RATE(N) Dynamic sensitivity of thermo-

receptors in N HR

RE(I) Reyno!ds' Number of body Segment I N.D.

RHEAT Respiratory heat generation rate CAT,MIN

RHL Respiratory hieat loss rate KCAL
HR

S Rate of body heat Atorage = HFLOW KCAL
(Print out I•bel) M2 -h

•Surface area of Segnt 1



Symbol Definition Units

SA Total skin surface area M2

1EF Total akin blood flow L
MIN

MKINC(I) Fraction of vasoconstriction command
applicable to skin of Segment I N.D.

SKINR(I) Fraction of all skin receptors in
i•,,Segment I N.D6

SKINS(I) Fraction of sweating command applic-
able to skixz of Segment I N.D.

SmINV(i) Fraction of vasodilation command
applicable to skin of Segment I N.D.

STRIC Total efferent skin vasoconstriction
command N.D.

SV Specific volume of water M3/KK

SWEAT Total ef'ferent sweat command KCAL
HR

T(N) Temperature of N °C

TB Mean weighted body temperature °C
TD(N' Conductive heat transfer between KCAL

N and N+l HR

TZ Absolute temperatuie of expiratory gas OK

TH Temperature of the head core, repre-
senting the hypothalamic temperature
T(l) oC
(Print out label)

TI Absolute temperature of inspiratory gas oK

TIME Elapsed time MIN.

TM Temperature of muscle compartment in
the leg = T(47) C
(Print out label)

c-$



Symbol Definition Units

TO Temperature of the central blood compart-
ment representing esophageal temperature
T(61)
(Print out label) °C

TR Trunk core temperature representing
rectal temperature - T(110) c
(Print out.. label)

TS Mean weighted skin temperature C

TSET(N) "Set point" or reference point for
receptors in compartment N C

U(I) Overall body Segment I wet suit- KCAL
water heat transfer coefficient M2 HR-oC

VE Respiratory gas expiration rate L
HR

VBiIN Respiratory gas expiratory minute volume L

WARM(N) Output from warm receptors in N C

WARMS Integrated output from skin warm receptors C

WORKM(I) Fraction of total work done by muscles
in Segment I N.D.

BULL Factor determining temperature

sensitivity of sweat gland response I/'C

CCHIL Shivering from head core IEAL/HR-°C

CCON Vasoconstzrction from head core I/C

CDIL Vasodilation from head core L/HR-°C

CST Sweating from head core XCAL/HR-°C

SCHIL Shivering from skin KCAL/HR° 0 C

SCON Vasoconstriction from skin I/'C

SDIL Vasodilation from skin L/HR-°C

SSW Sweating from skin VEALHR°-0 C
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Symbol Definition Units

PCHIL Shivering from skin and head core 1/o. 2

PCON Vasoconstriction from skin and head core I/o2

PDIL Vasodilation from skin and head core L/HR-°C2

PSW Sweating from skin and head core KCAL/HR-°C

C-7
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*.C(67) o CS(1) rCH (1) RK (6)
CALL SIZE
CALL WE TAN
S TO'P
END
SUB~ROUTINE SIZE

C TIIS PROGRAM IS VOR A FULL WET SUIT HEAD 01,T
REAL 4AT,*K
DIMENSION K(3)
DIMIENS ION E (1i) ,RMP(6P1) ,M6,')

DIMENS IUN THWS(c'),RL',6)oCM( 66) ,H(6)
DIMENSION SWJ(61)
CCMMO'J/PASS/AL(6),DO(6),HSS(6),S(6),TC(6OI)ogP(6Of),H4FE(6k")

*,C (6?) ,C S( 1) ,C8(1) .RK( o)
DATA 4SCP/0).,5/,WSOI241 .ISbOO
DATA THWSf0.2O063-12.J.('!o6312,&'.0G631?.,).'O631?2,D-.oO631?,t C0~6312/
DATA K 03 3L.4~C :6
DATARK.371O.p71i.l710 311I.)71OO?/

3 FORMAT (2r1U.5)
REAL (1 ,7)PM

7 FOFMAT(F2)
IF(SG. GT.11.0)GO TO 5
SG;=o.8A ((HT* *0. `4?)/ 0.1 **O.l ))4 I. 16?

5 PP=(5 .548IS6.)-5.,44
B3FWT=P3F *WT
L[VWT=4T -6FWT
SA=71. 84*((WT/1 0,,) ,*0.425)* (HT**Afi.7?5)
S(1)=i.07*SA*C.0GC1

S(3) 3 .1341 *SA* C.~J0'J1
S (4 ) '15* ISA #r . ~
S (5) '). 3 174 * SA*-1 Jill') 1

S (6 ) =3686 *SA t; .0 u) 1
A T=F4 F4 T *%-J.00J1
NA T=L 3 W T *IJ.O0tJ1
DO 2 1 =1.4

2 ST ( I )= (J. J164/ ( 52.84. P *)aAT+ C. 0.f24/ (t;. 654 .0 cAl
D C 4 Y 5.IF

4 SWT(I1) 0. fiD 5/ O8 5 *4 ,0)))*N T
SWT(9) 0.0/Jl)A
SWT(1J)=(9.OC36/i).85)*NA1
DO 6 1 =11,14

6 SWT(I) (.3/L.54O)!T(V19(?V* .'aNI
DO 8 I1,15.8

F SWT(I)-(9.24,9/ (').85*4.0))ahJAT
SWI (19)z (0. e95/fl. 1S) a
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DO it) 1-,21o,24

12 SWT (I) = C).L0453/ (9J.85 4 . Q)) *'I AY
SW T(29)=(0.013/ C. 15) *Al
SWT ( 3)1) =(O. 0065 ff1 .85 )*N Al
DO 14 1=31,34

14 SWT( 1) =()S.00 31/ (0h85*6IA NAT,( .O.04/(0 .85 *4.O) NA T
DO 16 1:;,3S,,3o6

'16 SW T(l1) :r(0.0O,1/(0.85*4 .0))*NAIT
SWI(39 )(0.O02/0.15)*AT
SWT ( 432(). (.;125 /L0. 85*N AT
DO S1tjO 1 =41 p44

180 SWT(1) =(0.06?3/(j.aS5*4.0))*NLtT+(O.O,258/(0.85*4.O))*wAr
DO 20) 1z=45, 48

200 SW*T( 1) z(0.1368/( 0.85*4 .0))*%JAT
SWT(49) =(0.03? /0.l.5) *AT
SWT(5O)=(Q.0161/fl.85)*NAT
DO ?f 1=51P54

22 SWI (1) =(U.00 5/(0)~5*41.0) )*NAT+ (0.9608/(0J.85* 4.0))*'4AT
DO 24 I=55,5$R

24 SWI (1) = (f.0flh/(0.85*4.0 ))*NAT
SWT( 59 )=(0. 0C3/O. 15) AT
SWT (6)) =(')O%)32 V) Ai5)*NAT
SWT (61 )=2.5 0
DO 26 1 =1,e4

k6 C (1)=(O0.5(C.01 64/O.M5)*NATtP.Q*(O.fl24 /0.85) *NAT )/4 .0
DO Z8 1=5.8

28I C (I ) rJ .9*SW T U)
C (9) ="N 16*SWT(9
C (1C),--O1.9 '*SW T( 1)
DO 3J0 1=11P14

300 C (I1)=(O0 .5*UL 038/0 .85)*NATt¾.9m(0. 159/0.85)* NAT)/14.0
C0 3?) 1=-15,1R

3M0 £(I) =r)*9*SW1 (I)
=C ( 19 )=O .6*SWI7(1 9)

DO 34, 1 =21 e24
34D C ( l)z( V,5*(Ui.O2t)2I.85) *NAT* Cl.9*(O.Oh /0.85)*NA1) /4.O0

DO 36 1=25,r28
36 CCI) ý - 9*541(1)

C(?9):C).6*SWT(?O)
C (3O)r0 .9*SWT(3Ci)
DO 38 1=31,.34

38 C(MIa((0.5*( 31/1AS).*vAT+ 0.9*(0.0O'4/d.85 )*N.AT)/ 4.9

4 0 C (1I):=J,.9 * SW7(1I
C(39):O.6*SWT(39)
C ( 4'1):- 0 . 9* SW T1(4 )
DO 4? 1=41,44

4? C (I ) =( 0O.5*().7ý6 73/O.AS *tdAT4- G.9*(0.f)258/0DýIS )*.NAT)/ 4.0
Do 44 1=45,48)

44 C (JI) 3. 9 *SWl7 (1
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C (49)=11.6*SWT(4,)

C(S@)=C Q*SW T(5'i)
DO 46 T=51,54

44 C ()=( o1.5*(.U5.0.¾0 /0 \AT+ o9 (0 C 5) *NAI)/4 .0
()(1 48 1=55,553

48 C (I) =D. 9*SWT (I)
C (59)=, .6*SW T(5Q)
C (6, )=C 9* SW T (6 )
C (61 ,• i.9* SW 1(61 6
DO 51 11,14

5 0 C ( I) =C (I )-C ( 61 /k•,
-C S ( I ) = C ( 1 ) + C ( 2 ) C ( ) ; 4 + C ( 5 f ,) -C .e ,'

C (1 )= .0
DO 52 1161
C3 (1) = C 8(1) + C (I)

52 CONT14UE

~5 ~=M 3 * (00 ?kAr / 1U A
UMC=(r. 1 *(I3M*St,/l1. ) J, F

0W= .5 )59*l A T
W(=,0.1765*NAT+O.?258w*'AI
DO 54 I=1,4

54 08(1)=SWT(1)*QC/WC+e .G4*(BM*SA/I1OO0)
DO 56 1 =5,6

56 Q6(1)=SWT(T ) *GMI/1M
GF[( 9)= S WT(9) *GCS F /WSF
G ( 1,) =SWT(1r9)*uSF/4SF
DO 58 1=11,14

5 F (B I ) = S WT( I ) *QC '/C +) 1. 1 *4 W* SA 1090)
DO 6- I--15,17

60 CP (I )= SWT( I ) QM /QJM
QB(19) =SWT(19)*USF/,JSF
Ob ( 2 )) = SWT( 2') *GSFI,4SF

DO 6? 1=21,24
62 (r0(l )=SWT(1) *QC/4C

DO 64 I=25,2d
64 QP,( I)=SWT(I ) *(jM/,,M

DO 66 1=29, .3:
66 8( 1)=SWT(1 ) *QSF/wF

DO 68 1 =31, 34
68 h ( I )= SWT(I) *}C /WC

DO 70 I=35,3r,
71 QB(1=SwT( ) *jm/WM

DO 7? 1=30,41
72 OB(I)=SWT([ )'QSI/WS(

D3 74 1=41,44
•; •74 Gi{it )=SWI (I }*(JC/I;.C

DO 70 1=5,454
76 49(I)=SWT(l)-QmP.;M

D( 7.R =49,5J
7 8 B3 I( SW 1(1 ) *us F/P 5 F

DO 8 1 I:ý51,54
80 QU(I )=S'idT(I )*C /wC
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DO 8? 1 =55,58h
82 08 (I)= SWTI() *JM/WM

DO 84 1=59,6k'
84 QB(1)=SWT(l) *U~SrIWSF

DO A6 I =1 60'
h6 B F S I) =1 .?*QqB(1

DO F8 I=1,4

DO 91 1=11..14
9 FB( 1) =52.5

B F P(2 1 .56 S W T(2 1)
30 F b 1 .35 *S WT (3)

8 F (4 0 5.5 8S W T(4 6)
BF0 (50) =0 .84 *sw 1(50)
0 F B(60 =2.34 *SW1(60 )

DO 92 1=2,00
9? R(I)=( (R("-l)**3.0)e((0.?O*W 1)12*6)*.3

R (61)=R (1u) +H1W Sfl )
VTR=t1 . ')
DO 9'4 1 =11,2 C

94 VTR=VTR+SWT( I)*CKOCkA
hI R=(S (2) **2 .(') /(12 .56* VIP)

C*****CHANGE- A TO AA. A IS PREVIOUSL~Y DIMENSIONEDl.*****

DO 96 1=1,9

R (.-1) ( (R (J9)** 2)- ((AA* Swr (a)) 1(3.1 4*H i) ) ) t*~* 5
9. CONT 14UFJ

R (6? )=R(20) 4 W(?)

V (A) (2,j r) I )I 3
DO 9tO 1=1,39

J9=31-1

R (6 3R (3 L) fHIW5 (3)
VH A= . 0
DO 1 12 1 = 31 *L

IIH q (S 4 C,~'.) 5(~ ¶6' VtfA)
R (4 2 (. C* V iIA)/4
Do1 4 1 = 1 o9

R (.,- 1) C(N~ iJ A* ?S - 6 A T J. ) I. 14bNHA ) *05
1 4 CCNT14Ut

vIL =1, .5
Do 1 16 1 =4 1 5~

C-! I



106 VL=VL S WT(1) *0. [t"
HL= (S( 5)*2/12 56*V L)

DO 1 -8 1 =1 9
J =51 -1

108 CONTD1iJF
R (65)= R ( 50) TH'S( (5)

v F =0 ..3
D)o 1ID 1=51 &U

110 VF=V'F4 SwT ( 1 *0 . 01
4F=( S( 6)**2. 0)/ (12 .56*V F)
R(60)= ( 2.fji*VF)/ S(6~)
DO 1 12 1=1,9
J =61-1

112 CUNT14UE
P (66 )R C 60).THWS(C6)
CM4(l)=0.79'7*R( 1)
D0 114 1=2,1Uj

114 CM(I)=0.7937k((FR(1-1 )**3)+(R(1)**3))**r .333
CM(61) =1,.7937*( (R( 10)**3)U(R(61 )t**))**ri 333

DO 116 1=12,20J
116 CM(I )=0.?C171*(R(1-~1 )**?)+( P (1)**2))**%.5

CM( 21) =0.71.'7*1< (21 )
DO 118 Y=22,3,-'

118 cm(y )=fl.7o7l*U R(i-1 *?)(U )**2))**;).
Cm(eb3) =0.7G7 1*C MR30) A**2)+( R (63 )**2))* *r).5
CM(31) =t.j71OilP (31)
DO 1?.l 1=32,40

120 C'¶!N(Pf. 7r)11 ((1 P(-1)A* 2)+ R (1)**?) )**1.l'i
Cbi(6 4) 12 .70 7 1*( . 4) P*)(V (6 4) ?)*~ 5

DO 122 1=42,50'

DO 124 J=52..t.V

Do 126 1=1,6e

DO 125 1=1,6
128 x(10."* ) =CM( I*6 1))-CM( 1," 1)

DO 130 1 =1.,6
130 RMP (JI) =CM(JI ) +X(J)/I f

Do 132 1=1,L.

DO 134 =1?
134 A(J)=6.2?*RMV(T )*HYR

00 1.36 1=21,3'
136_ A (I) =5 .2 9*R M P( I)HA R
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D0 138 1 =3 140

DO 140 1=41,5C.
140 A(I)5 .28*RMP(1)*HL

DO 142 1 =5 1 -60
142 A (I )=6 .283*R'P(I )*HF

DO 144 1 1 .o:,'

AA=1 2.56* (RM PA* *?)

X(A='R(b)-CM(S)
YA=(K( 1 )*AA) /XA
RMPfAR (8)+( ( CM(9)-R(8) )/?.C')
AB=12. 56*(RMI-f'* *2)
XF-CM( 9)-R(P )
YB=(K(2)*AH) /XB
,iC (,S)= (YA*YB )/(YA+YF3)
rO 145 1=1,6

146 TC(11)*1)=fl.O
DO 145 1=1.6

H (?)=H TR

H (A)='AR

H (4)4 HA

H ()=-I F
DU 150 1:z 6

AA1=6 ?28*RMPFA1*H( I)

YHl=(K((?)*AR1)/XP1

150 CO"ITI'UE

s x~C ( 1 r) c (( (1V-, ) O )/

WS14PR= R (10) + C(C." e 1 )-R ( ?
WSMPA=l 2 . t)*(WS V I R2)
WS x= C 14 ( 61 )- Q ( 19)
I1SY=(K(3)#.WSMPA)/WSX
s s ( 1(s V*w sv) /(SY~w5Y)

Do 152 1=7,6

SMPR 1= C ?A( ct~P ! *H (I((l)*1)C4 D

SXxlR( 1P'J )-C (it ,* I )

WSMPAI 0. ?b *WSW.P941 *H (I )
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WSXl=CM(1+60)-R (10*1)
WSY1=(K(3)kWSMP`A1)/4SX1
HSS (I) =(SYl *WSY 1)/I(SYl +WSY1 )

152 CONT14UE
DC 154 1 =1 o6

154 AL (I )= R( 1 6 0)- CM ( I t '
DO 155 1 =1,p6

156 DO( I )x 2 .U*k ( 146 C))
S (1 )=1 2. 56* ( R( 6 1)**2)
Do 158 1=2,6

158 S ( I ) =6. 28*R ( I +&(-) *H ( )
C(62)=-WSCP*WSo*1.333*3.14*((R(61).*3)-(R(10)**5,))
DO 10) I=2..6

1613 C (1+ 61)=WSC P*WS D*(R(1+ 60))*2) -(R(10l* 1 t) *H(1*3 .14

VH FAD= .0
DO 162 I=lrlLO

162 VHEA0=VHEAD+SWT(I)*3.f0C1
WRITE( 3,r361)SG,PBF.SAA

361 FORMAT (lXPIBODY S.c,.=',F7.5,?X.'% E3oDy tAT=',F,'.4,
ý.2WS1JRFACC AREA=',F7.4,'SQ M')

t ~~W R1 T E( 3r37) A Fr,NA T
37 FORMAT(/I1X , ADIPOSE TISSUE WT.=',FV.4,1X.'(G',2X,,

&",'ON-ADIPOSE TIFSUE WT.=l,F7l.4,lX,'Kc,')
WRITF(3,30)R(1lU),VHEAD

3 7; F)P PAT(/1X ,'HEAD fkAr)IUS=.rf7.4,1X,'rW1'T3(j,l HEAD VOL.=,
& F 7 .4 olX 'M C UFE a
W P IT E(3,31)H7P,VTR

31 F 0R MlAT (1X.' TRUNK( LEL4TH= ',F1l.4,IX, 'M~', 3l, T PUNK VOL.=
~F7. 4 lXWM CUPF ')
WRITE( 3 ,32)H AR , VAR

32 FOkMAT ( IX,'A M L EN 17-T H 'f 7 4 lX % ,T 3C AR t V,)L.
9. F7.4o.1X,'M CUR3E)
WRI TE( 3,#33)HH-A, VH-A

33 FORMAT (1xHANfl Lff4SH=',Fl.4rliXM',13ý', 'HAND VOL.=v.
9 F7 .4p 1X,'M (:ljLI)
WRITE( 3,34)14L.VL

*34 FORMAT (lX,'tfG LFNGTH=',f7.4,1X,'M'p,131.'L[; VOL.=*,
9& 17. 4, 1 X, 'A (1-1~ U)

WRITE( 3,35)HFVvF
35 FOkMAT ( IX'F 007 LEtGTH= 'F7d,.1 X,'M pT3,1, '00 VOL.=

& F?.4. 1 ,'A CUO F'

181 FORMAT(/ FOL LOw1 N ARE t( AUSI
W R IT L( 3.51) S( )I1 .

51 FOOMAT (1(6F8.4,/I))
WRI TFC 3,.1t3)

183 FORMAT (/, 1'ýLLO* INl ARET ALCI1) VALIIFS IN M')

19 FORMAT (10F~8.4,/))
W RI T E( 3,185)

Is e5 ORmAT(. FOLLOWIING AR E Dt)I) VALDE S IN -

20 FOfMAT (1(bF8.4,,/))
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WRI TE( 3e 1?)
187 FORMAT(/,' rOLLOWING ARE HSS(I) VALUES IN KC.AL/HR/D FG C')

WRITE(3,18) (HSS(J),X=.,6S)

18 FORMAT (1(6F8.4,/))
WRITF(3,1h9)

189 FORMAT (/,' FOLLOWING ARE T( (1) VALUES JN KCAL/HR DEG C')
WRITE(3,17)(TC(I),I=1,60)

17 FORMAT (6(1CF77.,/))
WPI TE( 3,I1I )

191 FORMAT (i,' FOLLOWJiNG APE A(l) VALUES IN SQ M')
W kI TE( 3,163) (A(I),I=1 ,60)

163 FORMAT ( 6(1 rF 7. 2, )

WRITE( 3.193)
193 FORMAT(/,, FOLLOWING ARE RMP(1) VALIES IN M')

WRITF( 3,v164 ) (RM P ( T), =1,60)

164 FORMAT (7(1lF 7.4./))
WRITE( 3.195)

195 FORMAT (/,' FOLLOWING ARE X(]) VALUES IN M')
WRITE( 3,165) W( I), 1=1,60)

165 FCRMAT (7(0OF 7.4,/))
WRIT E(3,197)

197 FORMAT(/,' FOLLOWING ARE THE VALUES OF CS(1) AND C9(1)')
WRITE(3,47)CS(1 ),CB(1)

47 FORMAT (1X.'CS(I)=',F7.3,T3, 'CB(1)-',F7.3)
WRITE(3,199)

199 FORMAT(/,' FOLLOWING ANE C(I) VALUES IN KCAL/DEG-C')
WRITF(3,167) (C(I),l=l,66)

167 FORMAT (7(IOF7.3,/))
WRITE(3,201)

201 FORMAT(W, FOLLOWING ARE QB(I) VALUES IN KCAL/HR')
WR.ITE(3,169) (QB(I),I=1,60)

169 FORMAT (7(10F7.3,,/))

WRITE(3,203)
203 FORMAT(/.' FOLLOWING ARE nFR(I) VALUES IN L/HR')

WRITE(3,171) (RFP(1),]=I,-60)

171 FORMAT (7(10F7.3./))
WRITE(,,205)

205 FORMAT(W, FOLLCWING ARE R(I) VALUES IN M')
WRITF(3,173)(R(I),I=1,66)

173 FORMAT (7 (10F7.3,/))
WRITE(3 -277)

207 FORMAT(/,' FOLLOWING ARE CM(I) VALUES IN M')
WRITE(3,175) (CM(I),I=1,66)

175 FORMAT (710F7.4./))
WRITE(3,209)

209 FORMAT(/,' FOLLOWING ARC SWI (Q) VALUES iN KG')
WRIrE( 3, 177) (SWT(1). 1= ,tjl)

177 FORMAT 7(1(OF?.3,/))

RETURN
END
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S1IIIROUTINL WFTMAN
kF.AL 40
UIMENS ION T(6 t7),TSET(61)),RATU(61),F (67)
DUI,1ENSION WARM(61),COLD(ol) ,HF(67),ERRoR(61)
DIIMLNS ION E F (60() .Q (6()) • F (60 ) B F (co )

DIMENS ION TO (60). i3C(60)
OT MEPJS ION P( 11) ,SKINS(6),SKfNV(e),SKI4JC(6)
DIMENSION RF (6),HO 6),W(6)
DIMENSION SK I!R (6)
DIM[LNS ION WO RKM (6),CHILM(6), •H(6),PSKIN (6),E AX(6)
DI FNSION ATIME (9),A"AI R(9),AV(9),ARH(9),AW3RK(9)
D Iv&NS ION A( ?ýiF ),B3(288)
C(iMOM M 0 'ASS S AL ( 6), DO (6) ,HSS ( (6S(6) ,T C (6O) ,f (6 ) ,R FP (6 ()

• ,C (67) ,CS(( ) ,CP (1),RK(6)

DATA A 4 MT /0 .,3IJ., 0}., 90., 12 ?0., 150.0 A 8f'. 213 .,25 .5
DATA ATATR/1 .7,1.7,1.7, 1.7,1 .7,1.7,1.7,1 .7,1 .7/

c DATA ATA I1/1 1.8 ,11.8,11 .V,11 -,11.P,11 .P,11.P,11 .R/
D-ATA AV /122 .,12 2.,122., 122. ,1l2 .,'122., 122 .,l 22.,122 .

D ATA A PH/P.3,,i.3,.J.3,0 .3,0.3,[).3,0 .3,0.3,0.3 1
DATA A WORKI(., 0) .,0 .,1., 0.,'1. ,0 . ,0. ,o ./

.4 55. Q24,71 . i,9 . 51/

DATA TSFT/16.96,36.96,36.96,36.96,35.07,35..07,35."7,35. "7,

34.$1 ,34.58,36.89,36.89,36.69,36.89,36.28-36.28,36 .28-36.2?,
hA 3. 53, 33.62,35.53,35.5 3,35. 53,35.53,34.12,34.12,34 .12,34 .1?,
K 33.59, 33.25,35..41 35.41,35.41o35.41.35.3i3,3.3b.35.,3b1.3b,
S35 .33 p 35.2 ,35 .81,35 .b 1,35 .81,35. 81,35.3,35 .3,35.3,35 .3,35.31,

? 4.1],35.14,;5.14,35.14,35. 14,35.03,35.('3,35.03,35 .03,35 .11,
S35. , 36.71 /

DATA F Ft/ 6')* 0 ./, RA TE / 5 1*l./
DATA SK IR /n .0695,.0.4935,0. 06S6,0 .1845,O.1 59 5,0.03314/
DITA SK IN%/ o .rP81,().4F,1,C.154,0. .31 ,0.?18 ,0l.335/
Dt TA SK !NV/'1 .132,0.322o 0.095,) .121, 0.23D,Ci.1 0/
DATA SK i'N /0.05,0.1 5,0. 05,0.35 ,C.05,01. 35/
!)ATA df.• KIA/[ .C , '(J 5 jp,9 rO 5 ,)1,ý ýio. r) 2

DATA C HI q .L , 50 , ?. 2125 ,-(.l 1 25, .0.CG. 0 175,0. VI
DATA C SWJ/2Q.C / f,SSW/29. (!/,PS ,0/0.A/
DATA CDIL/11'.0/,SDIL/7 .5/,PDIL/fl 0/
DATA C CHIt/0.k'/ SCH IL/0 .t,!.,PfCHIL121 .0/
!)ATA C CON/S. I/, SCON/S.. /,PCON/ .fl/

DATA t4ULL/ 11.P/
DATA T/3 17,1 7.,37.7,37.7,3Z.,37.,-7.,37 .,36.,35 .3

f, `S. ,35. S 5. . 5, 35. , 35 .,35. c 34., 34., 34..
3'. S.1,5 . 15 x . 35 35. 351,39.,35.,35,3 4. 5,35 3 5 3 4 1

F 35.,15 .,i5. 35 35 . 5.,35 .,35 35.,3k, .,3. .,35 .71,
K. 34 . 5 , 33 ., 33. , 33 .,34., 32. /

DATA 3M/319.4/
KK
~j J =1

DO 99 1=1,6
99 RATE (19*I)=0.(j3

kFAD (1 ,5) PR,Mu, SV,,COND
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5 FORMAT (W 1. 5)
RFAD(It,6) AM.PRA,MUoSVACONDA

6 FORMAT (5f 11. 5)

SA =0.J~O 1 1r, K= 1.6

110V •A-SA S(K)
' f ~T IM F -"

ltlT=N

ITIME--:
J TIME E
DO) 1'12 N=1,61
f (N) =) .0 l

1-J2 CONTIVUE
I.=1

199 1F(ITIMF.LT.ATIME(L+I)) CO TO 189
S~L=L+I

GO TO 199
189 TAIR:k TAlk(L)

V=AV (L)
RH=AR4 (1)
WORK=W WORK(L)
I F (WORK-(HM*SA) ) 1 4,104,10S

114 WORK l= C .0
GO TO 1 (,6

105 WO QK I= ( WOIPK (B M* S.))* 0. '8
1 .:6 CONTINUF

DFNA=l .(/SV A
RU (1): (D(ENAV*DO(1)) /MUA)
140(1) (CONDA /DO ( 1)) 0( .97+0 . 68*(RE 11) -A(, .5))*(PRA** ,.31)

DO ? 1=2,6
DFI=l. O/SV
QE (I)z ((DfN*V*DO(I))/MU)
HO (I )= (COND/DO(!))*(k). '*(Ri (I),*O .50) fPR .* ( 3.1))
CONTIVUF
HO (1 )= (COND/DO( 1 ) n. 7 .6 ,(RE (1)**,-.5J))h (PR**k9. 3)

U(1)=I.0/((1.0/hO(1))+(AL(1) /RK (1)
U(?)=! . r;l( 1.0/ýO (2) )+ (AL(2 ) IRK(Q)
U{(3)=1. 1 ( . (I]/FO (3) )- (AL( I) /RK '3)

U(to) =1. 1,/(( 1 .CI / O(4) )s ( AL(4) IRK (4)
U(S) =1 . I ( .0fP•O(5})) (AL(•) /R'K('ý )

U(6)=1 N H/(O(1 .0/HO (6)), CAI.(6) IRK (')
DO 4 I1 ,6
1 CI! )=IJ (I )*S (I)

4 CONTIM IJ[
1= (TA14/ 5)+1 1?

PI N= P(I ) (P (1+1) -P ( I))* (TAM - 5* (1- 5))15.0
PAI P=RH *PN
K=( T (1 1) /5) *1, '1
PrnIJT=P (K) V (K + -P( K) (T Ss K 1) 5( -1) 1

301 CON[YINi F
DO 302 N=1,61
WARM(4)=G.0
COLD(4) =0.0
If (F(N)) 31 o,311,311
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311 '(N)::t . 0
310 CONT I'4uC

FF~RRR( N ) :-I(N )-TS T (4) 4RATE. (N P* (N)
If (ERkOR(N)) )1.r?34

V13 COLn(4) =-fRlOR(N)
00 TO 301

104 WARrMed)HUkor(N)

WA FM S: n
COLD i=9 .0
DO 305 1=:1,6
K :.110 1
WRS W APM S *ARM (K *SK<IR(l )
COLDS:C OLDS#C0)LD(K)*SK I ':R('&)

3G5 CONTINUF
S~f:AT=CSW*LPRRO(1)*SSW* ('4ARS- COLDS )+P SJ* ',AR.(l)*WARMS
0ILAT=CDIL*FRPOk(1 .Sril A(WARMWS -COLDS) +PflhL*0rRM(1) *WARMS
,rRIC=-CCON*EhR0P(l)-SCON*(WARMS-COLDS).rCO4*CLD(1)*bCOLDS

C TH IS CONTROLLFR PASfD, 01 FhUL StilT DAtA
C (HILL= M41 .9F (3?51-P.Y?,95 1 66'(T(1l)- TS[ 1(1 1)
C $-? .6S 5 6692* (T (62) -TSE T (60f) ) -4 .1)9145341 ;* CT(5 l:) -TSLT (50)))

C $-5.561 ?6ts19*(T(,W)-TS[ T(30) )
C TN 4 S CONTROLLER fHAS[D ONJ Plid '..1. 1 NARY DATA

¶-H7I L=7 (1(01 )-5.SII *((11))TUM1)T~(i)

IF (SWEAT) (', ,12

31? 1IF(PTLAT) i1I,3o114.p, ~14

315 S T I C m .0
316 1JF(C141L.) 517,Al~r3l1i

31? CiILTL4 11

4 o0 CONT 11'JOF
DO0 401 1 =1 ,6

14F(N)= P FF(N)

0 ( N 1) .0(Nl

Q(N+1) -013(N 2)
PIF (N+?1 ) =BFU (NT+21

El(N*? )=rFP(.?

0 (N+ 3) QP (N + )
14F'(N +3 :PFH ( N,+3

Q (14+4) :(UP(N+4)4 WOkK~l I1 *WORK 1*CllILM 01 *(HILL

F ( # .) nfl.fn
Q (N . r) =UP(N.S ).'ORK~4 I *WORK I+Cgilt M *~CHILL

F ( N N45 ) =Ul Fl ( N+* 5) Q ( N 5) -Qn ( ' +5
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F (N*%) =0.()
Q(N4tS) =QB(N+h)+WQIkK~4( 1) *WORK I4CtIILM(1) *CH ILL
PF (N+6)z.PFB(N+6)+Q('446) -Ufl(N +6)
F (N+6)-0.0l
(T(N+7) (I(N. /), WORK~4( I)*WORK 1+Ct-1LM (I) *CH ILL
PF (N7 1) =BFFR(4?)4 N? (B( 47)

r ~f(04 +7) =V .0

e F ( N4,9 ) =Rftl( N48 )

nf' 01+9 .0A(BF P(N+9)t'J9INV (I niL AT)' (1 .14 S K 14 C (I)

E ( 14+9) =(, .

IF ( W RK(L -/SA6M))141,

r-O TO 16)?3
15 ~ CP (fl.?9K5 (HP1760 ( L)~TE))/l

1,1 CONTIl III

VF 1 ( 22 .-9WR /
VFMIF(K)=Q(V -EKf-C(160(

BF (K6 .) C, )- p4)s K ~) r( 34 r('

Tr =F(IK I ) +274-(44-CK4-D(4)T(4 3)J

HfIL(V,61)IRSS(1*(T(K4))T(I 461))-H(1OOU)*U161-A
DO1 61? 1 1 1

PF(61)=B(K*(()-(6)

61() =Hr(61)4PC(K)-(1)

5111) CNTC-19
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bT= .21 6e606,'s66,,6• I
DO 6')• K=I,6
F (K )=4 F (K) /C (k )
All-ASS ( F (k))IT F ( A ii* 0 T - C . I ) • ~ " , • , , !

6J1l PT=(),l /AP

6 o CONT 14 Ur,
DO 7ý3 K=!,67
T (K) -:T" ( K)+ r (K)* PIT

7:0 ('ON Ur T1U

LI M1F= 6P .*TI MF
IF(LTIME-V-JT-ITIME) 3C,?

f'1 •CONT14LUE
ITIMF=I TIME pi T
Cc.=r .)
HP-0.3

TS=O .0

HrLOWzU .Q'
Sp F 0. 0.

D"DC; o+ P •J-1,)M

IHP 4Pp+ Q (N)
tV-EV÷E (t)

b ) CONTIVU.

DV 8'-2 I1
s ýF= s 4r +vr(1•, /•.
ISTSZ TS .'1(-,I)), . (I*,IIC S(1)

.s CONTI1JUF

DC 8 !1 NZ1,61
Tr7 1 T Hf4 T (p') AC (N) /Cq( 1)
HFLOo--H FLOW t-HF (r)

8 " I tONT14Iisr

F V V/S r,
HPz40/ SA
HFFLq.W=H FL 0w/SA
F F =E ( 1 1 ) + [( 1 ) 4 ( 13) +F (14)
CONr)2= (HP-FF /SA-HFLOW) ( 7 (61 )-TS
IF(II IMF-INT) 91.,Q1P,911g i n W R 1T C ( 'r, :9 9 )999 F ('P?4AT ( # I ' , 1IX _'X HA Y L F. Y P VC C.R.'I

WRITE (3 ,91 )91? FO0k' AsI ( 'OIX tLX,,FV,,3X#,'Tr 
,4X,,TS,

9 1T L FG r2, I 2YTARM ',,2X, 'TT RN:K")

911 WRITF( 3 ,Y15)IT I!ETAIR,EFLOW, HP,EV,T8,TS,T( ),T(61) Tr (11),K T(47) ,SDF#COCONDc7,T(S¶ i), T (3.?),T('G)
915 FORMAr(' I

D)o ;5 1 1=1,e
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C(0.4D3= C0101 +,1(I T( 1+61)-T AIR)
2 C)I 3 CON TPitit

COVD =CON~i/SA
H 1P AI. = H P-HFI L W- Et S,\-C OND3

'1= INN 1
C113(0 KK=KK* 1
C A(KK)= I TIME
C A(JJ+KK)=TAIP
C A(?,JJ +KK)=T (11)
C A( *JJ4KK)=TS
C 6 (4*JJ sKK)=T (I)
C B(KK)= I lI ME
C B (JJ +K K ) =TA II<
C P(?*JJ +k KK)=H P'
C fi (3*JJ +KK)= St'F
C b(4*JJ +K1)=Cc

JTIME=JI IMF + INT
TF(JTTMF- !('ii1 )1ol nl

1101 JT1-M=F
IF ( II M F -9; ) 1(1? 11 o? ,11 C2

C113? CALL PLOILE ( 1,A, o,5 , 4t, )
C WRITE ( Tr!", 1)
C 307)1 fR(!MAT (1-1',1 ')(, '1= T4 T q K4 , •'I R 5 )k, 1= TS 'pX, • , 4:T H )

C CALL PLOTfIF(',!I ,'4.,,45 , )
C WRITE ( 1 ,3r'. )

11}2 ni F Tu R4

EN IN

19 3.0 4)O 69 31 (. 0 o( 00
39 . .,nO

9 5 5 3UJ 4.7 i 1816, .9 '"1 ; P .4 400

21. O rZ 07 U.711c 0 .')65 8G P .8 162r0 0.35120

C-21

5 a ~-



H )DY S.G. 08lit6) T prDY FAT 0z .a l71 1 SURFACE AREA= 1 hb'13SO fti

AfMI OtE TISSUF WI.: 4.9?Y7 KG 4ON-AF) IP0Sf, TI JSUE WT. =64. 370'1 Kt;

14ýAD kADIUS= 0 .699? M HFAD VOL.= e.,0030 M CUtE
190J4K LEN(;T-r= Ci.97CQ M TQUNK VOL. 0.03 77 M CUBE
A ' LE' F T P= 0. 763, 3 A ARM V)L. = 6.C,-66 CUPfE
HAND LEN(TH= 1.182 ? M HAN!D V1L.= r. 9)O0 , M C9 VFE
LEG LENr TIP= 1.4424 M L FC V L.L C. (,197 vi CU••F
FOOT LFNGTH= 1.5493 M FOOT VOL.= G;.0)09 M CJ PE

F "LL0WING ARE S(I) VALUES IN S'Q 4
13 1939 ( 1.7161 0.2825 1.1409 0.6543 0.19U5

FOLL OWING A4E AL(I) VALUES IN M
.J2 r. C.J 0 31 0 .00 11 0.002s r0 .O001 0.DL?29

FOLL!w'ING A3 E 00(1) VALUES IN M
f).2113 n .2349 0.1179 C.3 80 V .1445 0 .0392

FOLLOWING ARF HSS(I) VALUES I 'L KCAL/HRIDFG C
1.543;! 83.?372 3 .33" 9 1 .2735 7.P793 1, /441

FOLLOWJIN(; ARF TC(I ) VALUES IN KCAL/HP DEG C
3.61 1.6F 2.92 6.99 3 ,.33 31.63 32.93 13.73 8. 6 01
3.63 7.56 11 .62 14.14 16.57 ?f,.4 P 24.3P ?2.29 27.61 C.c
2.')6 6.33 9.12 10.05 11.17 14.25 17.32 10.08 1P.? 11 (1.0)
4.4? 9,33 14.12 ?,-;. 3  71.113 75. /, 8(-.59 20.15 7.19 '-. (

. 4u0 1 1 .39 1?. ?3 19.1 21.43 27.24 31 .n4 0.11 41 .8F n .0
5. 0 12.23 18 51 40.14 150.15 15 .56 162.78 ??.71 1.4R 0

FOLLOWING ARE A (I) VALUES IN SO M
}.3 0 .. 6 ,. " . 1 '. 1.1 0.11 11 0.1 1 P.1 (I. 1
0.21 0.3r3 !. 7 1 .43 n. 4, P .54 ,.99 ".63 P.6A ?.6A

C.C7 0.10 13 t;.15 0, 1' 0.20 ? J.2?2 0.23 0.24 r.?6

0.73 ! 9.34 0.k,5 0.16 0.55 0.07 P.97 3.n7 0.07 . 0.11
0. 17 0.25 0. 31 -. 16 0.42 0.47 r.52 ).56 P .5,P 0.61
9. 04 r.06 0Q. n.19 (..O0 0.1n n . In 1.10 0.11 U.14

FOLLOWIIfl ARF RMP(1) VALIES IN M
%05.0 5•7 J.715 C.(?822 0.-)891 0.29 2) 01 .0931 0.6942 U.0954 3.0971 (9.1Cr,4

C.-33, 0.9491 0.1 )04 f.0713 7n. 979c , IMw87 0.C(6Q 1 .1037 ".10 :4 0.1122
".9149 P.n21 7 %0.2 6? "'.0313 1).-361 .04nF 1n !45') 1, 0484 .95,)7 .ri5s7
1.3141 0).9059 r,.ro73 r .13A I .08 7 0."090 0. "`93 3.D097 ,. 9 1 ", 0.0•139
",.01Q1 r).ý'27? r..034o r F.;399 :. 6546 . r'.5519 10.1.571 ].C 613 r.ln630 0.1679
'1.0346 C..106? 0.)0-2 9.19?2 0 .Pr097 O.n"99 0.01(11 ).0105 c .0115 C. L145
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FOLLO WING ARE X(I) VV'..u.S IN M
.)1") 2 b.9;) 0(9 r (1, e) 1 . 011 0.0oi 1 o. Orl 1 0 .0,'14 0 .00?1 0.C04S

C' . 0 1 I 61 1 5. •.0 1(l (I . J (.,)?7 -) . 094 3.C 0 4 0. 'C77 1., C' 0 1 G.C034 0 .r-4 2
r.0 •- :) .005 5 , . 045 P .J',48 o .0 (5 , on(•44 LI.("(4G 3 ..L 8 C .0019 0 .0CC42
C..32? l )15 0.0912 Z k. -,) ?7 0.C003 .;*100• , . ''03 3 .D006 0.O0 16 U.)094 cS
0.01,'2 §.,370 D.0 07 "'.nU6 0 6 206? 3.3055 ()' !!5n 0 .0 33 3 *f.0 r' 0. 1 404
3.93J25 .53. 1 7 0.9C14 3 .L9'17 0.)002 )i.0'2 0.. 9" 2 3 .(I0C6 ?.0015 0.C-0444

fOLLOWIN(; ARE THE VALUFS DF CS(1) A4D CB(1)
CS(l ) = 3.438 b CR0(1)= 5h.347

FOLL0WIQN ARE C(I) VALUES IN KCAL/DE G-C
J.564 0.554 0.564 .5 64 l.Oi5 0.n85 1.3•5 r.285 0.099 0.245

2.5?6 2.506 2.5,6 2.5,]6 4.105 4' .1 C5 ".105 4.105 1.873 1.234
0.362 . 362 0.362 0.362 0.772 1.?72 0.772 r.77?2 .256 0.441

1.336 7.056 3.036 (0.36 .01 7 '¾.01 7 0017 0.0 17 C. n 9 0.179
1.777 1.377 1.077 1.,)77 2.33i 2.331 2.331 2.331 p.631 1.097
J.161 0 .51 0.061 0.061 0.017 0.017 0. '17 C.017 [.059 r.218
2.250 0.050 0.265 0.192 4 . 5 0.238

FOLLOWING ARE Q9(I) VALUES IN KCAL/HP
3.167 3.157 3.167 3.167 C.031 0).31 0.')3 1 .J 31 C.049 0.%82

11.364 11.354 11.364 11.364 1.532 1.502 1.5T5 2 1.502 J.937 0.411
0.1 51 n. 151 0.151 ,9.151 0.2ý3 0.2P3 0.2, 3 C.? 2 3 C.1?8 2 f.1-4
0.318 i.0 18 0.31) ).018 1 6 .036 0.006 9.106 C.006 0.020 C .057
'-.4 4.466 0.466 P.. 4 0 .466 . 0.853 0.*53 0.853 n.315 n.366
-. 3?- 6.929 G.027 .629 5-.00 6 .06 0.706 C. 006 p. 0 0.373

FOLLOWING ARE bFb(l) VALUES IN L/HR
ll. 1 5'! 11.?5r) 11.2?Yj u1.2 '2 0.031 ;.057 . -37 pý.037 ".059 1.45',(
52.5oD 5? .50 9 .5 1 o•8.n13 1.803 1..F3 1.P 03 1.124 2.135

-. 181 0.181 ,Jl I .I11 0..339 1.339 0.739 9.319 .U-34 '4.665
0.621 -3.1 0.021 i.0?1 2.097 C .0[D7 D .1;7 (.907 C.0?4 1 .056
'J.56, 0.55o 0.565 0.56r) 1.024 1.024 1 .201 1.C24 0.379 1.074
0.135 11.035 0.035 (.r)5 '.0 5) .0r7 0. 717 0.'07 D.035 C!.567

FOLLUWING ARE R(U) VALUES IN M
2.057 n.072 ,no.02 0.C,91 0.09? 0.093 0 .:94 0 .J95 0.097 0 .099
1).335 ,1.49 0.061 C.07C r .0`5) C.0..O 9 0 97 0Q.104 C( 1r' 0.111
0.315 0.022 0.r27 0.031 9 .0 '1 0 P.41 0.2145 2.049 0.051 .053
0.3 354 0.206 r0.37 .0)? . 0 ), .009 . ,* 9 p.rQn C.010 0.01r 1 .011
0.?271 .0D2 0.034 0.039 0.04. 0.052 0 .57 C. 0 62 0.064 f½066
n.3.5 0. 03 7 0. a06 0.010 0.012 0!010 C.)10 0.310 0.011 ).rl3
C.12,5 0.117 0.259 j. .)l9 0.07? 0.020

FOLLOW'ING ARE Cm (I ) V/PLtOES IN M,
0.9-5?2 0.654 0.0 76 f,.0 C :9,,l.)]914 0 9 92 r 0.(0 36 0.0947 0.0961 0.C98?
2.9?4 7 C.0428 '(.1553 .76,5 4 r,,. 5751 3.C845 0. r9 29 2.1306 ] .1067 0.1131

1 31' 9 Ci.'J119 0.024/4 (0 ,2-,9 0.(0337 J . 386 0.043C40 0.0470 5 4.497 0Cr51 6
,.013n r )nq5? 2.007 f)op ?9 r3.7086 0.7089 0.1192 71 . 094 r, .01 7 07r1 6,
--. 01 39 "'. ?2??2 Q.J312 3.,369 '4. 429 0.0,?491 0.2f546 C,.0597 3.0629 C.r649
:'. 334 6J.r'158 0 .D0 75 .93089 r.r,096 0.0098 0.ni!) ) 3 .0102 0O e1Op 0.Cl'-

0.1_-26 0.1143 .2559 p.0161 0.C691 0.U167
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N. (1 N. q' - q- c CC C, fl, (I T- 'r C., c -

0)N 00 Let N N 0.4 I'. 'r 4 ý W', (N.1 N. '- 1- C., C. 0,

q-. - U* am 611 L/% u't 41'NI , I N~ v, %1) Ln V' , UL -n

Lr - C: Ok S 0- N.C C 0' %- Vt t 9- , 1 rV' " V- Z)P X,
pr L 'r I*' kr . V - Fl UN, -4 (S M V- q- C: C- (D C 0, 0,
"Z a - # . 0 a A a 0 0 v 0

N 0, NN N N ý OfN N Nt Ln N or,

('n r- or, A on~ .k -- Wa C , V.: w- C'; fan XI

-J a- 0 N .L 0 ,* * 7 N, d, 0

It 140 N-l 11 'r C) 40 t^ 9- C NC NI(: L.N V'
ok f # * 0 0 0 1 . * a - * * 0 a
x M q- N %r n Ný Pei WN Nj N~ N- c-' - r- V- I- a- a--
C I'V -a-a- V-a - q- a- a -a -a .. a

0. N, wCa Cn v -.1 6n 1-xN. ON 0'ý 0 a-NNN.r

a ý 1: a ý pý fl Pal * ot a a p j

0-P NO0, A

***a0 L. C C). Cc c.L C. C.) C?'0 C-.r C, C .

M C) Ci C:, C" Cý C-) 0Cý 0 C0 C) C0 -

(', N~ -0 6- 0 a- t %1 0.0 4 C 1 '. 4 N ~O C .r t.4 N,

-, K7 (^ ,. N, I -' -, N c4N Co c.:, C

o, 4.) Vr. acy w- . * a a a . * 0

ci L^ un 0 ,~c 'o VC' AC '0.0 LN, wn iJ , LI LP N, 't 't7.
*~~~I K) re W) ar S - ,N ,N NN ,N ,NN ,N , N, N, W)

t. (%J C:? ON (At c

c (\J WI. O* CX o. r-- N, l 17 C) r-' ýO 6N P'l L t' .4 C

0'. 0 ND, C- ' V.), x0 rC It- 'C 'C Id9 .10 1*a 1: ;,N ,. 7..

0e) r C~ N 0C t ' )0 a ? -N ' C JN ifrJ 3CCC
C"~~N C.; z~ f"- -S N1 \J 0'A Ni '0 C, '4.1 ` N7 r-I P. r-

on o% ~a0 0' P.- P, rw C\. N, r, Ni e, N., N, 91 m, N, rN, (NJ N, v) N

* 0, aw *- v, aV-') )' CN 4 N ~0 C . ,a'X.

C, A- wX 0' 00' a, N- U' N N' Nt N" NC N^ 01 N W) NV Ns N CC
a-j C_' Wa-

* a a aVa P'C Pn W), N, WI4 fv) CC'. , -L '.C ' .

2Z CO .4^C r .: C q a Y) a ar x (V C. -, a4 P Pn On * *

M r- N, N4 '4- N, N, N, N, N, N, 0 N N N a

_j I . * > , fa5 N .0 <) N, ~'o NC 4, '4' ,C N, 9-" IC N, NN,0
oc Wl CV- :I Li N ' 95

W0 4. N WC00 'ta a~ KI CC("C. 1w) V494 VC,N -,p'a a-j a-) -

flI" p- in C) Nfa- a. aý Ln 0' ml a a a ra a
.a 0 a aL '4r 'n0 'C - r-0. M' :'C '2' 'C Cý '0 0.) 0 .r' C

t N, t^ C) a- - 4- T- LU-

-% N, Cn N 4_ N, CL

-No, ? e I Nn In w- Ni a- q.. N,7-NC N'0N~ 0'
4K - a0 a aQ o o V4' Ln 'C) N N~ ca. 002' 0,I 3'W r'0 . .-

C.. 1-01 C, a-!C-- aaaa

e 3 ~ C, a i - V% N, a- - a C- N~ LI; 'N C) L^ Cw C' 4 -
Uj~C)..t

t iZ ).e VN an 0 ao x a 0 aaaaP

'f N N.~ ' a ' - , ~ -- ~iO. ' N C 'a-a . aC-24 .



To Run the Model

I. Spec!flc gravity o0 the si•ulata subject may be entered by data

statdlneint. If SG-O the program will calculate SG based on subject's

height and weight.

2. Protective devics thickness (THWS) In meters is entered by data

statement.

3. Protective device thermal conductivity for each body segment (RK(N))

is entered by data statement.

4. Water temperature (ATAIR) Is entered by data statement.

5. Subject height and weight are read from the first data card.

6. The output may be labeled by simulated experiment by altering the

hollerith stream in format statement 999.
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